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ABSTRACT 


Photoemission  measurements  have  been  made  on  single  crystals 
of  cadmium  sulfide  which  were  cleaved  and  tested  In  high  vacuum 
at  photon  energies  between  7.2  and  11.6  eV.  The  electron  affin¬ 
ity  is  found  to  be  4.8  eV.  Additional  measurements  have  been 
m.ade  in  an  extended  range  from  6  to  21.2  eV  using  surfaces  cleaved 
in  air  or  in  low  vacuum  and  tested  in  low  vacuum.  The  apparatus 
for  cleaving  and  measuring  photoemisslo.n  Is  described. 

Important  features  of  the  band  structure  are  deduced  from 
the  energy  distribution  and  quantum  yield  measurements.  Two 
conduction  band  maximia  are  located  about  6.7  and  8.2  eV  above 
the  jp  of  the  valence  band.  Two  valence  band  maxima  are  located 
about  1.2  and  9-^  eV  below  the  top  of  the  valence  band.  The 
density  of  states  is  determined  by  assuming  that  direct  conser¬ 
vation  of  crystal  momentum  is  not  an  important  selection  rule. 

The  results  are  used  to  study  optical  excitation  processes  and 
escape  of  electrons.  In  particular,  the  optical  conductivity 
calculated  from  the  density  of  states  agrees  with  experimental 
values . 

The  effects  of  surface  conditions  on  photoemission  from 
cadmium  sulfide  have  been  studied  by  comparing  measurements  made 
on  samples  cleaved  in  high  vacuum  with  the  corresponding  results 
from  surfaces  prepared  by  other  techniques.  The  energy  distribu¬ 
tion  curve  is  shown  to  be  a  sensitive  tool  for  studying  surface 
conditions.  The  theoretic?'  effect  of  band  bending  on  energy 
distributions  is  considered. 
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I.  INTRODUCTION 


Semiconducting  II-VI  compounds  have  been  the  subject  of 
considerable  investigation  in  recent  years  since  they  provide 
a  potentially  useful  class  of  electronic  materials  that  have 
only  begun  to  be  exploited.  In  contrast  with  the  elemental 
semiconductors  silicon  and  germanium,  and  to  a  lesser  extent 
the  III-V  compounds,  the  energy  band  structure  of  the  II-VI 
compounds  are  not  well  understood  at  energies  much  larger  than 
the  band  gap.  Therefore,  a  systematic  study  of  the  band 
structure  of  these  compounds  by  photoemission  techniques  is 
expected  to  produce  much  new  information  about  their  electronic 
properties.  Properties  which  can  be  studied  by  photoemlsslon 
Include  band  structure,  optical  transitions  and  selection  rules, 
electron  scattering,  surface  effects,  and  relationship  between 
photoemission  and  optical  properties.  Cadmium  sulfide  (CdS) 
has  been  chosen  for  the  initial  photoemlsslon  studies,  since 
a  large  body  of  auxiliary  experimental  and  theoretical  know¬ 
ledge  is  available  and  the  technology  for  producing  large 
single  crystals  is  well  developed. 

Photoemlsslon  from  CdS  has  been  studied  experimentally  by 
several  investigators.  ShubL  [Ref.  1]  investigated  the  yield 
and  energy  distribution  of  photoemitted  electrons  frcm  CdS 
in  the  range  of  photon  energies  from  5  to  6.5  eV.  The  layers 
were  reported  to  consist  of  fine,  dispersed  hexagonal  and  cubic 
modifications  of  CdS  formed  by  evaporation.  If  special  pre¬ 
cautions  are  not  taken,  CdS  is  known  to  decompose  d  'ring 


1 


. . . . . . . . . . 


evaporation.  Shuba*s  results  have  been  discussed  by  Spicer 
[Ref,  2],  More  recently,  Scheer  and  van  Laar  [Rei.  5I  have 
Investigated  photoemlsslve  yield  near  tiie  threshold  for  botli 
CdPe  cleaved  In  vacuun  and  CdS  broken  In  air  and  then  measured 
in  the  vacuum,  Bibik  [Ref,  4]  has  attempted  to  lower  the 
photoemlssive  threshold  by  deposition  of  BaO  on  the  surface. 
Photoemission  studies  have  been  undertaken  here  on  single 
crystals  of  GdS  which  have  been  cleaved  in  high  vacuum  to  obtain 
clean  surfaces.  The  maximum  photon  energy  at  which  measure¬ 
ments  can  be  made  has  been  extended  significantly  to  21.2  eV. 

The  optical  properties  of  CdS  have  been  measured  in 
several  different  experiments.  Reflection  measurements  have 
been  made  on  CdS  layers  evaporated  by  special  techniques  by 
^ardona  [Refs,  p  and  6],  who  used  polarized  or  unpolarlzed 
light  to  a  m.axim.um  photon  energy  of  about  9  eV.  Walker  and 
Osantowskl  [Refs.  7  and  8]  have  measured  reflection  to  photon 
energies  of  abort  25  eV  from  single  crystals  of  GdS  which 
were  cleaved  in  air.  They  have  used  the  resulting  data  to 
calculate  the  optical  constants.  Hall  [Ref.  9]  has  measured 
the  optical  absorption  through  evaporated  layers  of  CdS  to  a 
photon  energy  of  about  6  eV,  Bute  [Ref.  10]  has  studied 
photoconductivity  and  related  phenome.na.  All  of  these  measure¬ 
ments  can  be  used  to  determine  important  features  of  the  band 
structure  of  CdS  related  to  the  separation  between  energy 
levels,  and  they  can  be  used  in  conjunction  with  photoemission 
measurements  to  establish  absolute  energy  levels. 
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The  Inforniatlon  obtained  from  photoemission  measurements 
can  be  distorted  as  a  result  of  band  bending  and  physical  or 
chemical  phenomena  which  are  related  to  surface  conditions. 
Williams  [Ref.  11 ]  has  studied  the  effects  of  various  gases  on 
the  surface  by  leans  of  surface  photovoltage  measurements. 

Contract  potential  changes  In  the  presence  of  light  have  also 
been  studied  by  Wlerlck  [Ref.  12]  using  an  electron  beam 
technique.  Photochemical  reactions  have  been  reported  by 
B5*er  [Ref.  13]  based  on  resistance  measurements  jn  the  presence 
or  absence  of  light  at  various  temperatures.  These  surface- 
related  effects  must  be  understood  to  allow  interpretation  of 
the  results  of  photoemlsslon  measurements.  In  some  cases, 
photoemisslotj  can  be  used  to  study  these  phenomena. 

Theoretical  investigations  of  the  band  structure  of  CdS 
have  been  made  by  Herman  [Ref.  14]  who  used  an  OPW  method 
without  the  introduction  of  spin  orbit  splitting.  Recently, 
he  has  investigated  the  results  of  spin  orbit  splitting  on 
the  band  structure  [Ref,  15].  Birman  [Refs.  16-I9]  has  studied 
the  effects  of  crystal  symmetry  on  band  structure,  optical 
transitions,  and  selection  rules  in  materials  with  the  wurtzlte 
structure  (e.g.  CdS ) . 

Prom  theoretical  considerations  it  is  evident  that  the 

Bloch  representation  is  not  adequate  to  represent  the  valence 

band  in  materials  with  small  hole  mobilities  [Refs,  20-22], 

Mort  and  Spear  [Ref.  23]  have  found  that  the  hole  mobility  of 

2 

CdS  is  of  the  order  of  10  cm  /volt-sec  independent  of  temperature. 
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Spicer  tRef=  24]  has  suggested  on  the  basis  of  experimental 


evidence  that  direct  conservation  of  crystal  momentum  (k 
vector)  may  not  be  required  for  optical  transitions  In  materials 
with  low  hole  moolllty*  Additional  experimental  evidence  with  wh 
to  check  the  band  structure  calculations  and  the  requirements 
for  conservation  of  crystal  momentum  for  optical  transitions  in 
CdS  can  be  obtained  from  the  photoemission  data. 

Scattering  of  optically  excited  electrons  as  they  escape 


from  a  m.aterlal  can  significantly  affect  the  results  of  photo- 
emission  measurements.  Apker,  T  ft,  and  Dickey  [Ref.  25] 
suggested  a  method  for  detecting  the  onset  of  pair  production 
In  semiconductors.  Spicer  [Ref.  26]  has  used  energy  distribu¬ 
tion  curves  to  determine  the  mean  free  path  for  pair  production 
Williams  [Ref,  27]  has  studied  the  effect  of  high  electric 
fields  on  voltage  breakdown  in  CdS,  He  found  that  breakdown 
is  due  to  tunneling  and  not  to  avalanche  effects.  Information 
about  electron  scattering  processes  can  be  obtained  from 
photoemission  measurements  on  CdS, 

Many  of  the  experimental  techniques  developed  for  studying 


CdS  are  applicable  to  slmllF  photoemlsslon  studies  ol  the 


other  II-VI  compounds.  Therefore,  an  effort  has  been  made  to 


understand  a  large  variety  of  secondary  phenomena  associated 
with  tne  experlm.ents ,  and  to  extend  the  measurements  over  as 
large  a  range  of  photon  energies  and  physical  environments  as 
possible.  The  experimental  techniques  are  reported  In  Chapter 
II.  The  applicable  theory  Is  presented  In  Chapter  III  and  the 
experimental  results  appear  in  Chapters  IV  and  V  along  with  their 
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interpretation.  Conclusions  drawn  from  this  work  and  suggestions 
for  further  work  are  contained  In  Chapter  VI. 

II.  EXPERIMENTAL  TECHNIQUES 

A.  INTRODUCTION 

Photoemlssl on  measurements  have  been  made  on  single  crystals 
of  CdS  on  which  a  clean  surface  was  obtained  by  cleaving  in  an 
ultra-high  vacuum  system.  The  photon  energies  which  can  be  used 
for  the  measurements  are  limited  at  the  low  end  of  the  range  by 
the  energy  barrier  against  emission  (band  gap  plus  electron 
affinity)  and  at  the  high  end  of  the  range  by  either  the  LIF 
window  (in  a  high  vacuum  experiment)  or  the  monochromator  plus 
light  source  (in  lower  vacuum  experiments).  The  various  arrange¬ 
ments  and  their  characteristic  ranges  of  pressure  and  photon 
energy  H’-'e  Illustrated  In  Fig.  1.  The  diagram  Indicates  the 
approximate  pressure  (ordinate)  which  can  be  achieved  In  the 
sam.ple  chamber  for  each  type  of  experiment  and  the  corresponding 
range  of  photon  energies  (abscissa)  which  can  be  used.  The 
factors  which  limit  both  pressure  and  photon  energy  are  indicated. 

The  photoemilttlng  surface  must  be  carefully  prepared  to 
avoid  conditions  which  may  lead  to  chemical  reactions,  severe 
nonstoichiometry  or  other  conditions  which  may  modify  the  photo- 
emission  characteristics.  Cleaved  surfaces  have  been  used  to 
obtain  all  of  the  experimental  results  reported  here.  Initial 
measurements  have  been  madu  on  samples  cleaved  in  air  and 
sealed  into  a  glass  phototube  after  baking  for  a  minimum  of 
eight  hours  at  140°C.  A  test  chamber  has  been  designed  in 
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Provisions  have  been  made  to  admit  high  purity  gas  into  the 

system  so  that  the  effect  of  the  gas  on  the  surfaces  can  be 

determined.  Experimental  studies  have  been  extended  intn  the 

far  vacuum  ultraviolet  region  beyond  the  cutoff  of  LlF  In  the 

range  ol  photon  energies  from  li.b  to  21.2  eV  by  using  a  window- 

less  monocnromator  system  in  which  the  sample  is  exposed  to  a 
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pressure  of  approximately  10‘  torr.  This  pressure  Is  produced 
ny  the  gas  (hydrogen,  helium,  or  neon)  used  to  operate  the  lamp. 
An  attempt  to  reduce  the  electron  affinity  of  CdS  by  adding  Cs 
i-o  the  surface  was  unsuccessful  due  to  a  reaction  between  Cs 
and  JdS. 


Absolute  quantum  yield  has  been  measured  b^v  a  do  method, 
and  the  energy  distribution  of  photoemlt  ,*d  electrons  has  been 
iiieasured  by  an  ac  method.  Possible  sources  of  distortion  have 
been  Investigated,  including  the  effect  of  the  geometrical 
configuration,  the  effect  of  a  gaseous  atmosphere  in  the  Inter- 
electrcde  space,  and  the  effect  of  stray  fields. 


D.  CADMIUM  SULFIDE  SAMPLE  PREPARATION 
1 .  Orientation 

The  clean  surfaces  necessary  for  reliable  photoemls- 
sion  measurements  have  been  obtained  by  cleaving  tPie  CaS  crystal 


PRESSURE  (TORR) 


PHOTON  ENERGY  (eV) 


f  f  f  ///////  i  /////  / 

VACUUM  ^'MONOCHROMATOR  / 


ty.OACUui 


JULUJ.LU 


-^THRESHOLD  FOR 
SCATTERING  OF 
EMITTED  ELECTRONS 
BY  GAS  (E  G.  Og) 


I  SEALED. 
!  /GLASS/ 


\  'highVI 
1/ VACUUM' 


CdS  E. 
(No.?) 


minimum  time  FOR 
A  MONOLAYER  OF  GAS 
TO  FORM  ON  THE 
JURFACE 


♦ 

LIGHT 

SOURCE 


15  min 
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1  is  required  by  the  optics  of  the  available  vacuum 


monochromator.  Prior  to  being  cleaved,  tne  samples  were 
cubes  with  edges  at  least  1  cm  in  length.  To  successfully 
cleave  a  crystal  of  this  size  it  is  necessary  to  accurately 
locate  the  c  and  a  axes  of  the  hexagonal  wurtzlte  structure 
by  x-ray  diffraction  techniques.  The  basic  cell  of  the  wurtzlte 
structure  is  shown  in  Fig.  2  [Ref.  28] .  The  approximate 
orientation  is  established  on  samples  which  have  a  fractured 
or  broken  surface  by  visual  observation  of  apparent  easy 
cleavage  planes  which  usually  lie  parallel  to  the  c  axis 
([0001]  direction).  The  crystal  is  mounted  on  a  gonlom.eter 
mount  with  the  (OOOl)  plane  nearly  perpendicular  to  the  x-ray 
beam.  The  exact  location  of  the  (OOOl)  ^lane  is  then  esta¬ 
blished  by  standard  x-ray  techniques  [Ref.  29],  and  a  face 
is  cut  parallel  to  the  (0001)  plane.  A  Laue  x-ray  diffraction 
pattern  for  CdS  with  the  proper  orientation  is  sJ own  in 
Fig,  3.  Before  the  crystal  is  removed  from  the  goniometer 
mount,  lines  are  scribed  in  the  sawed  surface  corresponding 
to  the  lines  in  the  film  plate  holder,  to  establish  the 
rotational  orientation  of  the  crystal  with  respect  to  the 
film.  Faces  are  then  sawed  perpendicular  to  the  original 
(0001)  cut,  parallel  to  the  (lOio)  and  the  (1210)  planes  as 
shown  in  Fig.  4.  The  cube  of  GdS  with  accurately  oriented 
faces  is  then  completed  by  one  additional  cut  parallel  to  the 
(OOOl)  plane.  Figure  5  shows  a  cube  of  CdS  to  which 
electrical  contacts  have  been  attached. 
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2.  Electrical  Con tacts 

Electrical  contact  and  mechanical  support  Is  esta¬ 
blished  by  bonding  a  small  nickel  plate  or  sheet  to  the  CdS 
surface  with  indium.  Prior  to  application  of  the  contact,  the 
edges  of  the  cube  are  rounded  to  a  radius  of  about  .010"  to 
mlrlmlze  the  distorted  electric  fields  which  may  appear  in  the 
vicinity  of  sharp  corners  during  the  retarding  potential 
measurements.  Indium  Is  then  evaporated  In  a  vacuum  of  10  ^ 
torr  on  the  appropriate  CdS  surface,  which  is  at  room  tempera¬ 
ture,  through  a  mask  somewhat  smaller  than  the  face  of  tae 
cube.  For  cleaving  In  the  (lOlO)  plane  the  Indium  Is  evaporated 
on  the  (1010)  face  of  the  cube,  and  for  cleaving  In  the  (1210) 
plane  the  indium^  Is  evaporated  on  the  (1210)  plar'e.  After  the 
sample  Is  removed  from  the  vacuum,  a  nickel  contact  Is  clipped 
to  the  indium  coated  face  with  a  tungsten  spring.  The  assembly 
is  then  Inserted  Into  a  furnace  operating  at  a  temperature  of 

'  400^0  through  which  a  reducing  atmosphere  is  flowing  (90^  - 

1 

10^  Hg).  The  sample  remains  in  the  furnace  for  a  period  of 
2o5  minutes  (a  time  which  has  been  determined  empirically) 
until  the  sample  temperature  riser  to  approximately  200-250°C. 

If  the  assembly  rem.alns  in  the  furnace  for  too  shore  a  time, 
the  indium  fails  to  melt  and  no  contact  is  established;  if  the 
assembly  remains  in  the  furnace  for  too  long  a  time,  the  indium 
becomes  brittle  and  tends  to  flake  off  the  CdS.  Contacts  have 
been  placed  on  opposite  faces  or  on  a  single  face,  depending 
on  the  intended  use  of  the  crystal. 
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3 »  Cleaving 

Crevlously  reported  methods  for  cleav'lng  small  smaples 
of  CdS  depend  on  splitting  the  crystal  with  the  impact  of  a 
wedge  [Ref.  30]  or  on  bending  a  thin  filamerit  of  the  material 
until  It  breaks  [Ref.  31 ]  to  obtain  the  desired  surface.  For 
a  crystal  with  a  large  (l  cm^)  surface  area  used  in  these 
experiments,  impact  methods  of  cleaving  are  not  applicable 
since  they  cause  the  crystal  to  shatter  or  to  break  In  an 
unpredictable  cleavage  plane.  In  addition,  it  is  doubtful  if 
the  relatively  weak  indium  contacts  could  wltiistand  the  Impact. 
The  crystal  is  mounted  in  such  a  way  that  it  can  be  moved  into 
the  electrical  collector  after  cleaving  with  the  cleaved 
surface  normal  to  the  path  of  the  incident  light.  The  mount 
must  be  placed  so  that  it  Is  not  illuminated  by  the  light 
source  during  the  measurements.  To  overcome  the  cleaving 
dlfficultiec  and  to  meet  the  other  requirements  of  the  system, 
a  cleaving  mechanism  has  been  developed  whicln  uses  opposing 
knife  edges  between  which  the  sam.ple  is  squeezed  with  a  slow 
uniform  application  of  force  until  it  splits  in  the  desired 
cleavage  plane. 

The  mechanism  used  for  cleaving  in  air  is  shown  in 
Fig,  D,  The  Jaws  of  a  standard  bench  vise  have  been  modified 
so  that  stalnlesi  steel  razor  blades  which  are  m.ounted  opposite 
each  other  move  in  the  sa.ae  plane.  A  line  has  been  scribed  on 
the  base  plate  designed  for  use  with  the  cleavlns;  mechanism 
to  aid  in  visual  alignment  of  the  crystal.  Cleaving  is 
accomplish  by  tightening  the  screw  until  tne  sample  splits. 
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The  electrical  contact  and  mounting  wire  assembly  Is  attached 
to  the  sample  prior  to  cleaving.  The  emitter  assembly  Is 
connected  into  the  measuring  circuit  after  cleaving,  by  means 
of  screws  or  by  spot  welding. 

The  vacuum  cleaving  mechanism  Is  shown  in  schematic 
form  in  Fig.  7.  A  photograph  of  the  mechanism  is  shown  in 
Fig.  8,  Approximately  QQ%  of  the  attempted  cleavages  have 
been  successful.  The  unsuccessful  attempts  usually  resulted 
from  attempting  to  break  off  a  slab  thinner  than  l.t>  to  2  mm. 

In  the  vacuum  cleaving  mechanism,  the  sample  (A,  Fig.  7)  Is 
mounted  on  a  shaft  (b)  which  extends  through  the  center  post 
(C)  of  the  cleaving  Jaws  (D)  and  through  the  tube  (E)  which 
is  rigidly  connected  to  he  flange  (P)  at  the  movable  end  of 
a  stainless  steel  bellows  (G).  A  spacer  (H)  Is  mounted  at  the 
opposite  end  of  the  tube  in  such  a  way  chat  it  moves  back  and 
forth  as  the  flange  (and  tube)  is  moved.  The  spacer  can  move 
freely  in  a  direction  perpendicular  to  the  axis  of  the  tube 
so  that  it  automatically  centers  between  the  inclines  (I). 

The  shaft  and  tube  are  not  connected  during  the  cleaving 
operation.  The  crystal  is  properly  positioned  between  the 
razor  blades  (j)  with  the  c  axis  oriented  as  shown.  Cleaving 
is  accomplished  by  moving  the  flange  to  the  rear  by  means  of 
the  wing  nut  (k)  which  presses  against  the  yoke  (L)  and  the 
back  flange  of  the  chamber  (M).  The  spa_„r  (K)  forces  the 
inclines  apart  and  causes  the  razor  blades  tc  squeeze  the 
sample  until  it  splits  along  the  desired  cleavage  plane.  After 
cleaving,  the  shaft  is  connected  to  the  tube  by  means  of  a 
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Ic-ch,  and  then  the  sample  is  movea  forward  Into  the 
electron  collector.  A  more  recent  design  uses  two  bellows 
wnich  transmit  the  linear  motions  to  the  cleaver  and  the  test 
sample  independently,  allowing  easier  control  of  the  sample 
position.  Either  cleaving  mechanism  can  be  operated  any 
desired  number  of  times  without  bringing  the  test  chamber  back 

to  air  pressure.  The  collector  assembly  in  Fig.  8  is  discussed 
in  detail  in  Sec.  D. 

C.  SEAISD  PHOTOTUBE 

A  CdS  sample  cleaved  in  air  and  sealed  into  a  pyrex  glass 
envelope  as  shown  in  Fig.  9  has  been  used  for  the  initial  photo- 
emission  experiments.  Ultraviolet  light  is  admitted  through 
a  1 -in. -diameter  LIF  window  which  is  mounted  by  a  method 
described  by  Barglund  [Pef.  32].  The  CdS  sample  is  mounted 
by  means  of  two  .040-in.  nickel  rods  which  extend  from  the 
nickel  contact  on  the  crystal  to  the  pins  on  the  uranium 
glass  header.  The  collector  can  is  made  of  .005-ln.  nichrome 
Sheet  which  la  rolled  into  a  l^-ln . -diameter  cylinder  with 
a  i-in. -diameter  hole  through  which  light  is  admitted.  The 
ends  of  the  cylinder  are  closed  with  flat  sheets  of  the  same 
material  and  the  entire  collector  assembly  is  cleaned  by 
degreasing  and  then  by  firing  in  a  hydrogen  atmosphere  for 
ten  minutes  at  lOOO^^C.  The  collector  assembly  Is  then  spot 

welded  to  the  pins  in  the  opposite  uranium  glass  header  and 
the  envelope  is  assembled. 

The  tube  Is  processed  on  a  Uquld-nltrogen-trapped  oil 
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diffusion  pump  system  by  baking  at  140  u  until  the  pressure  is 

-8 

I'educed  to  the  lO”  torr  range.  This  takes  about  eight  hours. 

The  tube  is  tipped  off  and  sealed  after  it  has  cooled  to  room 
temperature . 

An  attempt  has  been  made  to  lower  the  electron  affinity  of 
CdS  by  depositing  a  monolayer  of  cesium  on  the  surface.  A 
photot-ube  similar  to  the  one  previously  described  has  been 
constructed  with  "cesium"  chaniiels  containing  CSgCrOs^,  a  shield 
to  prevent  direct  exposure  of  the  test  sample  to  the  cesium.,  and 
a  wire  mesh  atta'.ed  to  the  same  header  as  the  collector  to  allow 


easy  circulation  of  the  cesium.  The  tube  was  processed  as 
before  except  that  an  attempt  was  made  to  deposit  a  monolayer 
of  Cs  on  the  CdS  surface  prior  to  the  sealing  operation.  The 
current  through  the  cesl.im  channel  is  slowly  increased  until 
photoemisElon  is  observed  from  the  shield  to  one  of  the  unused 
pins  in  the  header.  Then  photoemission  from  the  collec  >r  and 
the  sample  is  observed  alternately  as  a  function  of  time  as 
more  Gs  is  generated.  The  emission  from  the  collector  rises 
slowly  to  a  peak  value  and  then  decreases.  At  this  time  the 

current  to  the  Cs  channels  is  reduced  to  zero  ar '  the  tube  is 

.0 

sealed  after  the  pressure  drops  to  the  low  10  torr  range. 

Tie  attempt  to  lower  the  electron  affinity  of  CdS  with  Cs 
was  unsuccessful  because  of  a  chemical  reaction.  The  reaction 
was  verified  in  two  different  ways.  First,  the  color  of  the 
cleaved  CdS  surface  changed  noticeably  from  orange  to  black 
after  exposure  to  Cs.  Second,  the  structur  in  energy  distribu¬ 
tion  curves  made  on  the  ceslated  sample  was  completely  different 
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irom  the  structure  in  curves  at  the  same  photon  energies  fcr 
freshly  cleaved  CdS . 

D.  HIGH  VACUUM  TEST  CHAMBER 

j-he  high  wEcuuni  test  chamber  designed  by  the  author  has 
been  fabricated  by  Varlan  Associates  of  Palo  Alto,  California, 
and  Is  shown  in  Pig,  10.  The  cleaving  mechanism  and  test 
.^ample  holder  is  mounted  on  the  specially  designed  6-ln.  QD 
tack  flange.  Linear  motion  Is  transmitted  through  a  stainless 
steel  bellows  which  Is  restrained  against  the  pull  of  the  vacuum 
by  a  tnreaded  shaft  and  wing  nut.  The  operation  of  the  cleaving 
mechanism  Is  described  in  Sec.  B3. 

Electrical  connections  (see  Pig.  8)  are  made  to  the  collector, 
the  emitter,  and  the  aluminum  evaporators  by  means  of  six 
4'ln. -diameter  electrical  leads  through  ceramic  insulators 
mounted  In  the  back  flange.  The  emitter  Is  connected  to  one 
of  the  electrical  leads  with  a  0.005-ln. -diameter  annealed 
copper  wire.  The  wire  Is  Insulated  with  segmented  quartz 
sleeves  to  prevent  shorting  to  the  cleaving  mechanism,  and 
it  Is  positioned  so  that  the  insulators  are  outside  the 
collector.  The  collector  is  made  of  0.005-in.  nlchrome  sheet 
rolled  Into  a  Ij-ln. -diameter  cylinder  with  1 -In . -diameter* 
holes  on  opposite  sides  used  for  admitting  light  and  for 
inserting  the  sample  intj  the  collector  can.  The  holes  can  be 
masked  by  means  of  magnetically  operated  swinging  doors  which 
prevent  chips  of  CdS  from  flying  Into  the  collector  can  during 
the  cleaving  oper-atlon  and  which  mask  the  test  sample  and  LIP 
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v/lndow  while  aluminum  Is  evaporated  on  the  collector  can.  The 
collector  Is  supported  by  three  nlchrome  leads  attached  to  the 
electrical  leads.  The  electrical  continuity  of  two  of  these 
leads  Is  broken  by  means  of  glass  beads  in  series  so  that  the 
electrical  connections  can  be  used  for  other  purposes.  The 
third  lead  provides  electrical  connection  to  the  collector. 

In  order  to  insure  a  uniform  collector  work  function, 

aluminum  has  been  evaporated  on  the  inner  surface  of  the  col- 
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lector  after  the  system  has  been  evacuated  to  less  than  10 
torr  During  evaporation  the  pressure  remain’  below  10  *  ton. 
The  evaporators  are  made  by  interweaving  O.OlO-j.n.,  aiunilnum 
wire  in  a  g-in.-long  coll  of  0.010-in.  tungsten  wire. 

k  l4-ln, -diameter  pyrex  glass  viewing  port  is  attached  to 
the  top  of  the  test  chamber  to  allow  visual  control  cf  the 
cleaving  operation.  Another  flange  is  provided  for  attaching 
an  ion  gauge  or  other  auxiliary  equipment  which  may  be  required. 

Light  from  the  monochromatic  source  is  admitted  to  the 
test  chamber  through  a  1-in. -diameter,  1/16-In,  to  1/8-in. - 
thick,  cleaved  LIF  window.  This  window  is  sealed  to  a  specially 
designed  silver  gasket  vmlch  has  been  machined  to  have  trie 
profile  of  the  standard  gaskets  used  with  the  Varian  Conflat 
flange  as  shown  in  Fig.  11.  The  window  is  prepared  for  sealing 
by  sandblasting  a  1/8-ln.  ring  on  the  edge  cf  one  surface  with 
fine  alumina  powder.  The  sliver  gasket  is  prepared  by  annealing 
in  a  hydrogen  furnace  for  ten  minutes  at  7"50*^C.  While  hot,  the 
painted  areas  of  the  window  and  the  silver  gasket  are  tinned 


with  sliver  chloride  which  melts  at  approximately  500  C . 
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CHAMBER  (BACK  VIEW)  AND  PUMPING 
EQUIPMENT  FOR  PHOTOEMISSION  i#:A3UREMENTS . 
(Photo  courtesy  of  Varlan  Assoc.) 


FIG.  11.  lIF  window  SEALED  TO 
0.010-in.  SILVER  EXPANSION 
RING  AND  GASKET  (ACTUAL 


the  window  Is  placed  in  the  silver  gasket  and  the  temperature 
is  raised  until  the  silver  chloride  just  melts.  Additional 
silver  chloride  is  painted  arou.nd  the  seal  and  the  oven  is 
allowed  to  cool  overnight. 

The  LIF  window  is  attached  to  the  front  flange  of  the  test 
chamber  by  tightening  the  six  bolts  on  the  periphery  of  the 
flange.  A  new  window  assembly  can  be  Installed  in  a  few  minutes 
by  removing  and  reconnecting  the  flange.  All  of  the  high  vacuum 
tests  reported  In  this  experiment  have  been  made  using  a  single 
LIP  window.  This  window  has  been  subjected  to  differential 
pressures  as  large  as  atmospheric  pressure  in  either  direction 
without  damage  to  the  seal.  The  only  precaution  taken  was  to 
change  the  differential  pressure  slowly  over  a  period  of  a  few 
minutes  using  a  leak  valve. 

The  high  vacuum  test  chamber  and  its  associated  pumping 
equipment  is  mounted  on  a  mobile  stand,  shown  in  Pig,  12,  which 
can  be  raised  or  lowered  on  screws  to  the  correct  position  for 
attachment  to  the  vacuum  monochromator.  The  stand  contains  all 
of  the  pump  station  controls  and  an  oven  controller  which  is 
used  for  temperature  regulation  when  the  test  chamber  is  baked. 

A  block  diagram  of  the  vacuum  ch-^mber  and  the  Varian  Vac Ion 
pumping  system  is  shown  in  Pig.  13.  The  test  chamber  is 
evacuated  through  a  l^-ln . -diameter  port  to  which  a  titanium 
sublimation  pump  and  an  8  lit/sec  Vaclon  pump  are  attached. 

The  titanium  evaporators  in  the  sublimation  pump  are  positioned 
to  prevent  line-of -sight  evaporation  into  the  test  chamber. 

The  Vaclon  pump  is  positioned  so  that  ions  cannot  move  directly 
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Into  the  test  chamber.  The  entire  high  vacuum  region  of  the 
test  chamber  is  isolated  from  the  forechamber  by  a  bakeable 
valve  which  has  a  copper  gasket.  The  high  vacuum  region  of  the 
test  chamber  enclosed  by  the  dotted  line  in  Fig.  13  can  be  baked 
at  a  temperature  up  to  400°G  by  using  a  portable  temperature - 
regulated  oven.  The  indium  contacts  used  with  CdS  limit  the 
bake  out  temperature  to  about  l40^C  when  the  sample  is  in  the 
chamber.  The  remaining  portions  of  the  high  vacuum  region, 

including  the  bakeable  valve,  can  be  baked  at  temperatures  up 
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to  400  C  by  using  heater  strips.  Pressures  below  10  torr  can 

easily  be  achieved  in  the  high  vacuum  region  of  the  system. 

The  forechamber  region  is  also  shown  in  block  diagram  form 
in  Fig,  13,  and  is  pictured  in  Fig.  14.  The  forechamber  is 
connected  to  the  Varian  VacSorb  pump  through  a  l^-in.  valve  with 
a  vlton  gasket.  A  leak  valve  with  a  viton  seat  is  also  attached 
to  the  forechamber.  This  valve  is  used  to  return  the  system  to 
air  pressure  at  a  controlled  rate  to  prevent  damage  to  the  LiF 
window.  In  addition  it  can  be  used  to  Introduce  controlled 
pressures  of  high  purity  gasses  for  environmental  experiments 
from  one  liter  pyrex  glass  containers  which  are  attached  by  a 
qufck  connector  with  a  vlton  0-ring  (not  shown).  The  pressure 
in  the  forechamber  is  monitored  with  a  Wallace  and  Tiernan  mano¬ 
meter  gauge  for  pressures  between  10  torr  and  air  pressure 
(760  torr).  A  Hastings  thermocouple  gauge  is  used  for  pres¬ 
sures  down  to  about  10”^  torr  (l  micron)  which  is  the  low 
pressure  limit  of  the  roughing  pump. 

The  entire  region  between  the  test  chamber  and  the  vacuum 
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FIG.  14.  VALVES  AND  GAS  CONTROL  EQUIPMENT  FOR  HIGH-VACUUM 
TEST  CHAMBER.  (Photo  courtesy  of  Varian  Assoc.) 
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monochromator  must  be  evacuated  to  pressures  below  lO"^  torn 
1^0  allow  propagation  of  the  ultraviolet  light.  Therefore,  the 
fro.nt  flange  of  the  test  chamber  is  machined  so  that  it  wij.1 
seal  against  the  O-ring  in  the  exit  port  of  the  monochromator. 
Provisions  have  been  made  for  measuring  the  intensity  of  the 
incident  light  and  for  Inserting  filters  in  the  beam,  by  using 
sliding  vacuum  seals  through  a  7,^“in . -thick  brass  ring  as 
shown  in  Pig.  15 .  One  face  of  the  ring  is  machined  to  seal 
against  the  vacuum  monochromator,  and  the  other  face  contains 
an  O-ring  which  seals  against  the  flange  on  the  test  chamber. 

E .  WINDOWLESS  EXPERIMENTS 

The  range  of  photon  energies  available  for  measurements 
when  using  the  sealed  phototube  or  the  high  vacuum  test  chamber 
is  limited  by  the  upper  transmission  cutoff  energy  of  LIF  at 
11.7  eV.  The  measurements  have  been  extended  to  photon  energies 
as  high  as  21.2  eV  by  removing  all  windows  from  the  light  path 
between  the  lamp  and  the  test  sample.  The  test  sample  and  the 
collector  are  supported  from  a  7-pln  tube  header  which  can 
be  plugged  into  a  ceramic  tube  socket  in  the  test  chamber,  as 
shown  in  Fig.  l6.  The  dimensions  of  the  collector  and  the 
methods  of  mounting  the  sample  are  similar  to  those  used  with 
the  high  vacuum  test  chamber.  The  samples  tested  have  been 

cleaved  in  air  and  mounted  in  the  test  chamber,  in  which  a 
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pressure  of  approximately  10  torr  s  maintained  by  the  6-in. 
oil  diffusion  pump  in  the  vacuum  monochromator. 

Measurements  have  also  been  made  using  the  high  vacuum 
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test  chamber  with  the  Vac Ion  punping  port  sealed  off  and  the  LiF 


window  removed.  The  test  sample  is  cleaved  after  the  test 

-4 

chamber  has  been  evacuated  to  a  pressure  of  about  10  torr. 

The  atmosphere  in  the  test  chamber  Is  determined  by  the  type  of 
gas  with  which  the  lamp  is  operated.  The  test  chamber  is  care¬ 
fully  cleaned  after  this  type  of  measurement  before  it  is 
reconnected  to  the  Vaclon  pumping  system  to  minimize  the  possi¬ 
bility  of  contamination  due  to  the  oil  diffusion  pump. 

The  results  of  windowless  measurements  are  compared  with 
the  results  of  measurements  made  in  the  clean  high  vacuum  system 
to  determine  the  effect  of  surface  contamination  on  the  validity 
of  the  results  The  comparisons  are  discussed  in  detail  in 
Chapter  V. 

F.  LIGHT  SOURCE  AND  ELECTRICAL  MEASUREMENTS 
1 .  Monochromator  and  Light  Source 

Monochromatic  light  for  all  of  the  measurements  has 
been  provided  by  a  McPherson  Model  225  1 -meter  vacuum  ultra¬ 

violet  scanning  monochromator  in  the  system  illustrated  in 
Pig.  17.  Light  is  generated  in  a  Hinterregger  type  gas 
discharge  lamp  operated  in  the  dc  mode  from  a  variable  3000-v, 
500-ma  power  supply  which  has  a  peak-to-peak  ripple  of  approxi¬ 
mately  0%.  The  lamp  is  stabilized  by  means  of  a  series  resist¬ 
ance  and  reactance  as  indicated.  Use  of  the  dc  mode  reduces 
the  120-cps  ripple  below  that  of  an  ac  source  by  at  least  10  db. 

Gas  for  the  lamp  is  supplied  through  a  two  stage  regu¬ 
lator  to  a  manifold  at  a  pressure  of  about  20  lb  above  atmos¬ 
pheric  pressure.  Gas  flows  from  the  manifold  into  the  lamp 
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PIG.  17.  BLOCK  DIAGRAM  OF  THE 
VACUUM  MONOCHROMATOR  AND  LIGHT 
SOURCE. 
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chamber  through  a  good  Ci’.llty  Nupro  needle  valve,  and  is  then 
pumped  through  the  input  slits  into  the  main  chamber  of  the 
monochromator  where  it  is  removed  by  the  6-in.  oil  diffusion 
pump.  The  lamp  ib  operated  at  pressures  in  the  range  from  1 
to  5  torr  with  the  exact  pressure  controlled  by  the  needle 

valve  to  give  the  most  stable  operation  of  the  lamp.  The  pres- 
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sure  in  the  main  chamber  is  maintained  at  about  3x10  torr. 

A  hydrogen  discharge  operating  at  a  pressure  of  2  torr 
and  a  current  of  300  ma  has  been  used  for  measurements  in  the 
range  of  photon  energies  up  to  about  14.5  aV,  A  typical  hydrogen 
lamp  spectrum  is  shown  in  Fig.  l8.  Measurements  have  been  made 
at  higher  photon  energies  using  the  strong  spectral  lines  of 
neon  at  l6.8  eV  and  of  helium  at  21.2  eV. 

The  diffraction  grating  is  ruled  with  600  linas/mm  and 
is  blazed  at  1500  giving  a  horizontal  dispersion  of  l6.6  % 
per  mm  of  slit  width.  The  horizontal  aperture  is  flO  end  the 
vertical  is  fl5.  The  horizontal  slit  width  may  be  adjusted 
continuously  by  means  of  a  micrometer  from  10  microns  to  2  mm. 

The  slit  height  may  be  fixed  at  any  value  up  to  2  cm.  The 
exit  slib  housing  may  be  seeled  off  from  the  main  chamber 
using  flat  valves,  so  that  the  sample  chamber  can  be  changed  or 
adjustments  can  be  made  without  returning  the  entire  monochro¬ 
mator  to  air  pressure.  This  allows  continuous  operation  of 
the  lamp.  A  separate  roughing  pump  is  used  to  evacuate  the 
slit  housing,  and  in  some  cases  the  test  chamber,  before  it 
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=io  foconnected  to  tnc  Rialji  charnbep, 

2*  Measurement  of  the  Quantum  Yield 


The  system  used  for  measurement  of  quantum  yield  using 
the  vacuum  monochromator  is  shown  in  Fig.  19.  The  collector  of 
the  photodiode  is  biased  p-  . tive  with  respect  to  the  emitter 
by  a  potential  corresponding  to  about  twice  the  highest  photon 
energy  to  be  used.  The  bias  voltage  is  made  large  enough  so 
--^ha.  the  phouocurrent  will  not  be  space-charge  limited  and  so 
that  electrons  emitted  from  the  collector  due  to  light  reflected 
from  the  em.itter  will  have  insufficient  energy  to  reach  the 
emitter.  Excessive  voltage  must  be  avoided  to  prevent  high 
field  emission  from  corners  of  the  sample.  The  dc  photocurrent 
from  the  test  sample  is  measured  with  an  electrometer  and 
compared  with  the  current  from  a  detector  wit.'  constant  quantum 
efficiency.  (The  detector  which  consists  of  a  sodium  salicylate 
coating  on  a  photodiode  or  photomultiplier  will  be  described  in 
detail  in  a  following  paragraph.)  This  measurement  establishes 
the  relative  quantum  yield  over  the  entire  energy  range.  A 
correction  must  be  made  for  the  transmission  of  the  LIF  window, 
for  which  a  ^^ypical  transmission  curve  is  shov/n  in  Pig.  20. 

A  transmission  curve  is  measured  for  each  LIP  window  prior  to 
Irstallatlon,  and  it  has  been  established  that  the  installation 
process  does  not  significantly  change  the  transmission  charac¬ 
teristics.  A  correction  is  also  made  for  reflection  from  the 
CdS  sample  using  the  reflection  data  measured  by  Walker  and 
usantowski  [Hef.  absolute  yield  is  established  by 

comparing  the  current  from  the  test  sample  ac  a  given  photon 
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energy  with  the  current  from  a  Cs^Sb  photodiode  with  known 
aosolute  yield  in  the  vacuum  ultraviolet  region. 


Errors  may  be  introduced  in  the  yield  measurement  if 
precautions  are  not  taken  to  determine  the  effects  of  leakage 
current,  and  to  eliminate  second  and  higher  order  lines  and 


scattered  light  produced  by  the  grating.  The  magnitude  of  the 
leakage  current  is  determined  by  interrupting  the  light  beam 
with  the  flap  valve  at  the  monochormator  exit  slit  and  by 
measuring  the  current.  Then  the  leakage  current  is  subtracted 
from  the  measured  photoemission  current.  In  the  spectral  region 
from  2100  2  to  1700  2  an  optical  grade  quartz  filter  can  be 
used  to  eliminate  second  order  lines  from  the  strong  hydrogen 
spectrum  occurring  between  about  900  2  and  1650  2.  If  the 
system  is  operated  without  windows,  a  LiP  filter  may  be  used 
to  eliminate  second  order  lines  at  wavelengths  down  to  IO60  2 
resulting  from  strong  lines  occurring  in  the  He  and  Ne  spectra 
at  shorter  wavelengths.  Scattered  light  from  longer  wavelengths 
can  be  detected  during  measurements  below  1000  2  by  inserting 
quartz,  ulP,  or  other  filters.  If  the  threshold  in  yield 


occurs  in  the  spectral  range  above  I600  2,  as  is  the  case  with 
CdS,  a  quartz  filter  must  be  Installed  to  eliminate  scattere  1 
light  from  the  intense  hydrogen  spectrum  below  160O  2. 


All  electrodes  inside  the  collector,  except  the  emitter 
are  operated  at  collector  potential  during  the  quantum  yield 
measurement  o.n  sealed  glass  photodiodes,  it  is  also  necessary 
thav  the  entire  incident  light  becim  strike  the  photoemitting 
surface  so  that  the  total  amount  of  light  incident  on  the  test 
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samples  or  the  reference  tube  is  the  same.  The  envelope  of  the 
high  vacuum  test  chamber  is  grounded  and  provides  a  return  path 
for  the  photoemitted  electrons  which  escape  through  the  hole  In 
the  collector.  Yield  measurements  made  with  the  collector 
connected  to  the  metal  envelope  have  been  compared  with  measure¬ 
ments  made  when  the  collector  was  operated  at  a  large  positive 
potential  and  have  been  found  to  be  In  substantial  agreement 
provided  that  the  photocurrent  is  measured  In  the  emitter 


arm  of  the  circuit. 

The  sodium  salicylate  coating  Is  applied  as  illustrated 
in  Fig.  21  by  spraying  a  saturated  solution  of  sodium  salicylate 
In  alcohol  from  a  modified  DeVllbls  #4o  glass  nebulizer  onto  an 
optical  filter  or  directly  on  the  envelope  of  the  photodetector. 


The  nozzle  of  the  nebulizer  has  been  modified  by  drilling  a 
hole  through  a  rubber  stopper  and  inserting  a  1/16-ln.  ID 
brass  tube  as  Illustrated.  I'i.e  vaporiser  is  operated  with 
nitrogen  (or  air)  at  a  pressure  of  approximately  5  osi.  The 


Ng  or  air  is  humidified  by  bubbling  through  a  flask  of  water 
before  it  is  introduced  into  the  vaporizer.  The  surface  to 
be  coated  is  held  about  4  to  8  in.  from  the  nozzle  so  that  the 
coating  appears  to  dry  on  contact.  If  the  coating  is  to  be 
used  for  detection  in  the  region  from  4  to  6  eV,  It  must  be 
made  thick  enough  so  that  an  object  viewed  through  the  coating 
cannot  be  easily  distinguished.  The  method  described  above  is 
similar  to  a  method  described  by  Smith  [Ref.  33]. 

The  absolute  quantum  yield  is  established  by  comparing 
the  test  sample  with  a  Cs^Sb  standard  with  a  LiF  window.  The 
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been  calibrated  at 


us^bb  Btandara  has  been  calibrated  at  3  eV  by  comparison 
with  an  RCA  93^  photodiode  which  has  been  calibrated  for 
absolute  quantum  yield  by  W.  E.  Spicer,  and  checked  with  the 
aid  of  H.  R.  Philipp  at  General  Electric  Research  Laboratories 
[Ref,  34],  The  absolute  yield  of  the  Cs^Sb  standard  has  been 
measured  to  6  eV  by  comparison  with  a  bolometer  or  a  thermo¬ 
couple  standard.  The  relative  yield  has  been  measured  in  the 
vacuum  monochromator  using  the  sodium  salicylate  standard  over 
the  energy  range  from  4  to  11.6  eV.  The  two  yield  curves 
overlap  in  the  energy  range  from  4  to  6  eV  so  that  the  absolute 
yield  In  the  vacuumi  ultraviolet  region  Is  established  within 
an  estimated  error  of  ±15^, 

Under  ultraviolet  radiation  for  photon  energies  greater 
than  4  eV,  Watanabi  and  Inn  [Ref,  35]  have  found  that  sodium 
salicylate  emits  photons  at  approximately  4300  %  with  constant 
quantum  efficiency.  Their  measurements  cover  the  continuous 
range  of  wavelengths  from  3000  8  (4.1  eV)  to  85O  8  (l4.6  eV) 
and  include  a  point  at  584  S  (21.2  eV) .  The  quantum  efficiency 
is  reported  to  be  down  by  15^  at  the  584  8  wavelength.  If  the 
layer  of  sodium  .alleviate  is  not  sufficiently  thick,  some  of 
ti.e  incident  photons  In  the  energy  range  from  4  to  6  eV  will 
not  be  absorbed  by  the  sample  and  there  vin  be  a  corresponding 
loss  in  quantum  efficiency  [Ref.  36].  This  loss  of  efficiency 
has  been  confirmed  by  recent  experiments  In  this  laboratory. 

The  quantum  efficiency  may  change  slowly  over  a  period  of 
several  days  depending  on  the  history  of  the  sodium  salicylate 
coating;  however,  it  will  remain  constant  over  a  period 
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of  Several  hours  which  allows  ample  time  for  measurement  of 
relative  quantum  yield.  Smith  [Ref.  33,  p.  5]  gives  a  summary 
of  the  previous  literature. 

3-  Measurement  of  Energy  Distributions 

The  energy  distribution  of  photoemltted  electrons  Is 
determined  by  measuring  the  small  signal  conductance  of  the 
photodiode  as  a  function  of  dc  retarding  potential  for  a 
fixed  incident  photon  energy.  Spicer  has  developed  a  measuring 
technique  which  has  been  modified  by  Berglund  [Ref.  37]  as  shown 
In  Fig.  22.  This  uses  a  motor  driven  dc  voltage  sweep  and  an 
ac  drive  with  a  synchronous  detector  that  eliminates  the  capa¬ 
citive  component  of  tube  current  and  reduces  noise  in  the 
measurement.  Each  energy  distribution  curve  is  plotted  auto¬ 
matically  on  an  XY  recorder.  A  set  of  15  to  25  energy  dis¬ 
tribution  curves  can  be  plotted  within  an  hour  after  cleaving 
a  CdS  sample  in  the  high  vacuum.  Since  the  minimum  time  to 
form  a  monolayer  of  gas  on  the  surface  at  lO"^  torr  is  approxi¬ 
mately  fifteen  minutes,  changes  in  the  energy  distributins  due 
to  changing  surface  conditions  should  be  observable. 

Previously  reported  measurements  using  the  ac  method 
have  been  m.ade  on  sealed  glass  tubes  In  which  no  dc  current 
could  flow  to  the  envelope.  The  effect  of  using  a  grounded 
metal  envelope  has  been  investigated  by  operating  the  bridge 
(Fig.  22)  either  with  the  collector  grounded  or  with  the  node 
between  the  load  resistors  grounded.  This  has  been  done  to 
determine  if  electrons  which  escape  to  the  metal  case,  through 
the  hole  In  the  collector  used  to  admit  light,  would  produce 
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distributions  in  the  vacuum  ultraviolet. 
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different  energy  distributions  for  the  different  field  configu¬ 
rations  .  The  field  distortion  has  also  been  reduced  In  one 
experiment  by  covering  the  hole  in  the  collector  with  a  mesh  of 
0.005-ln.  wire  with  a  spacing  of  approximately  0.2-in.  No 
difference  in  the  energy  distributions  measured  by  the  various 
methods  has  been  observed.  Therefore,  the  measurements  have 
been  made  by  the  method  in  which  the  load  resistors  are  grounded 
for  stability  and  low  noise.  The  co‘‘ lector  hole  is  not  covered 
with  a  mesh  in  order  to  maximize  the  front -to-tack  ratio. 

Magnetic  fields  in  the  test  chamber  can  cause  the  energy 
distribution  curves  to  be  distorted  because  of  the  change  in 
electron  trajectories.  The  effect  of  the  earth's  magnetic  field 
has  been  found  to  be  negligible  by  specially  orienting  the 
energy  distribution  experiment  in  different  directions.  Energy 
distribution  curves  measured  at  the  same  photon  energy  were 
1 ound  to  be  the  same  regardless  of  orientation.  The  ion  pump 
used  with  the  system  requires  a  very  strong  magnetic  field 
provldeu  by  a  permanent  magnet.  This  magnet  is  removed  during 
the  measurements  since  its  field  is  sufficiently  large  to 
distort  the  energy  distributions.  Residual  magnetic  fields 
xn  the  test  chamber  have  a  negligible  effect  on  the  measured 
energy  distribution.  This  has  been  determl.ned  by  measuring 
energy  distributions  before  and  after  a  demagnetizing  field 
was  applied  to  the  test  chamber, 

A  gaseous  atmosphere  at  a  pressure  of  approximately 

-4 

10  torr  exists  In  tne  analyzer  can  of  the  photodiode  during 
windowless  photoemission  experiments,  in  which  neither  the 
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sample  chamber  nor  the  lamp  is  Isolated  from  the  main  chamber 
by  a  window.  This  gaseous  ambient  can  affect  an  energy  distribu¬ 
tion  curve  by  scattering  the  photoemitted  electrons.  Figure  23 
shows  energy  distribution  curves  taken  In  an  oxygen  atmosphere 
at  several  pressures.  The  kshape  of  the  curves  Is  approximately 

constant  for  pressures  below  10  torr  and  the  amplitude  Is 

-4 

constant  for  pressures  below  10  torr.  Since  the  mean  free 
path  "  i.  r  electrons  In  H2,  He,  and  Ne  Is  more  than  twice  the 
mean  free  path  In  0^  [Ref.  381,  It  Is  apparent  that  the  energy 
distributions  will  not  be  affected  by  scattering  of  the  electrons 
with  the  gas  molecules  under  the  conditions  of  the  experiment. 

4 .  Work  Function  and  Surface  Properties  of  the  Collector 

In  photoemission  measurements  it  is  convenient  to  use 
a  metallic  collector.  For  reasons  given  below  It  Is  important 
to  know  the  value  of  tae  collector  work  function  and  to  know 
the  magnitude  of  variations  in  work  function  over  the  surface . 

A  Fowler  plot  of  the  threshold  of  photoemission  from  the 
collector  Is  used  here  to  determine  its  work  function.  A 
typical  plot  for  a  freshly  evaporated  aluminum  collector  sur¬ 
face  Is  shown  In  Pig.  24. 

During  a  sequence  of  experiments,  the  collector  surface 
which  Is  originally  prepared  by  hydrogen  firing  may  be  coated 
with  an  evaporated  layer  of  aluminum,  or  it  may  be  exposed  to 
gases  such  as  oxygen,  nitrogen,  hydrogen,  or  water  vapor.  The 
electron  affinity  of  the  semiconductor  may  change  as  a  result 
of  exposure  to  the  same  gases.  In  addition  the  energy  bands 
near  the  surface  of  the  semiconductor  may  be  bent  with  respect 
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to  the  bands  far  from  the  surface  resulting  in  an  apparent 
change  in  the  electron  affinity.  A  knowledge  of  the  work 
function  of  each  of  the  surfaces  aids  in  understanding  the 
effects  of  band  bending.  In  estimating  the  Impurity  level  in 
the  semiconductor  by  locating  the  Fermi  level,  and  in  estimating 
the  effect  of  intentional  or  unintentional  chemical  treatment 
or  contamination  on  both  the  semiconductor  and  metal  surfaces. 

The  energy  level  versus  distance  diagram  for  a  semi¬ 
conductor  emitter  and  a  metal'collector  is  shown  in  Pig.  25. 

This  situation  has  been  discussed  in  detail  by  Apker,  Taft,  and 
Dickey  [Ref.  39].  The  diagram  corresponding  to  cutoff  of  photo¬ 
current  is  shown  in  Fig.  25a.  The  potentials  satisfy  the  relation 


^b,,  +  \  %  (1) 

CO 

in  which  is  the  electron  energy  corresponding  to  the  applied 

CO 

voltage,  hv  is  the  photon  energy,  Ep  is  the  Fermi  level  referred 
to  the  top  of  the  valence  band,  and  is  the  work  function  of 
the  collector.  The  semiconductor  work  function  is  related  to 
the  Fermi  level  through  the  expression 


^P  +  "“s  =  ^A  (2) 

in  which  is  the  electron  affinity  and  is  the  band  gap 
energy . 

ihe  diagram  corresponding  to  saturation  of  photocurrent 
-i-S  shown  in  Fig.  25b.  The  potential  satisfy  the  relation 


(a) 


(b) 


FIG.  25.  EIIERGY  LEVEL  DIAGRAM 
FOR  CUTOFF  (a)  AND  SATURATION 
(b)  OF  PHOTOEMISSION  CURRENT. 


45 


in  which  corresponds  to  the  applied  voltage  at  which  satura- 
s 

tion  occurs . 

A  nonuniform  collector  work  function  will  cause  a  loss 
oi  resolution  in  the  energy  distribution  experiment  since  an 
electron  whxch  has  Just  enough  energy  to  be  collected  in  one 
region  of  the  collector  may  have  insufficient  energy  to  be 
collected  in  another  region.  The  effect  has  been  estimated 
by  measuring  energy  distribution  curves  at  the  same  photon 
energy  for  similar  freshly  cleaved  CdS  emitters  while  using 
one  of  four  different  types  of  collectors.  Comparisons  have 
been  made  between  a  collector  which  was  cleaned  by  degreasing 
and  hydrogen  firing  prior  to  assembly,  a  collector  which  was 
coated  with  a  fresh  layer  of  aluminum  evaporated  in  high 
vacuum,  and  two  similarly  alumlnised  collectors  which  were 
subsequently  exposed  to  oxygen  or  nitrogen.  The  shape  of  the 
measured  energy  distributions  agreed  in  detail,  but  the  zero 
of  energy  shifted  with  ^-he  work  fuactlon  of  the  collector. 

This  led  to  the  conclusion  that  variations  of  collector  work 
function  have  negligible  effect  on  the  resolution  of  the 
experiments  reported  here. 

III.  THEORY  OF  PHOTOEMTSSIOM  FROM  SEMICONDUCTORS 
A.  INTRODUCTION 

Photcemlssion  has  been  used  previously  by  many  investiga* 
tors  to  study  band  structure,  optical  transitions,  escape  of 
electron  from  solids,  and  pair  production  (or  electron-electron 


scattering)  in  both  semiconductors  and  metals.  Measurements  of 
quantum  yield  have  been  used  [Refs.  1,  2,  and  3]  to  determine 
the  type  of  optical  transitions  which  occur  near  the  threshold 
for  photoemission.  Both  quantum  yield  and  the  energy  distribu¬ 
tion  of  photoemitted  electrons  have  been  used  [Ref.  40]  to 
determine  the  absolute  energy  level  of  high  density  initial 
and  final  states  and  to  estimate  the  selection  rules  coupling 
these  states.  Pair  production  [Refs.  25  and  26]  has  been 
studied  using  the  same  techniques.  Distortion  of  the  measure¬ 
ments  due  to  band  bending  [Refs.  and  scattering  [Refs. 

^^5#  27>  and  48]  has  also  been  considered.  Iheoretical  calcu¬ 
lations  of  photoemission  have  been  based  on  the  Bloch  model 
of  the  electron.  The  wave  function  of  an  electron  in  the 
periodic  crystalline  potential  of  a  solid  in  the  Bloch  model 
Is  of  the  form 

T|'(k,r)  =  Uj^(f)e^^*^  (4^ 

in  which  Uj^(r)  is  a  periodic  function  of  distance  with  the 
same  period  as  the  crystal  lattice.  The  product  of  the 
propagation  vector  k  and  the  reduced  Plank’s  constant  ^  is 
called  the  crystal  momentum.  The  probability  of  transition 
between  a  pair  of  Bloch  states  depends  on  the  magnitude  of  the 
matrix  element  of  t.ie  Hamiltonian  which  couples  the  two  states, 
i . e . j On  selection  ruies  which  are  contained  in  the  matrix 
element.  liie  transition  probabilities  between  a  group  of 
initial  and  final  states  depend,  in  addition,  on  the  density 
of  initial  and  finaj  states  in  k  space. 
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xf  the  potential  wnlch  tne  electron  sees  is  not  completely 
periodic,  a  summation  of  Bloch  states  must  be  used  to  represent 
each  electron.  This  nonperiodicity  may  occur  as  a  result  of 
strong  electron-lattice  coupling  [Ref.  24] .  In  this  situation 
the  assumptions  cn  which  the  one  electron  approximation  is  based 
may  break  down.  In  cases  where  the  quantum  state  cannot  be 
represented  by  the  simple  Bloch  states  of  Eq.  (4),  selection 
rules  determined  using  that  representation  may  not  be  meaning¬ 
ful  even  though  certain  features  of  the  Bloch  representation 
remain  approximately  correct. 

Consideration  of  the  Bloch  model  leads  to  two  familiar 
types  of  optical  transitions,  the  direct  and  the  Indirect 
’transitions,  A  third  type  of  transition,  the  nondlrect 
transition  [Ref,  49],  is  defined  in  this  section  to  Include 
situations  in  which  the  Bloch  model  is  inedaquate.  In  the 
direct  transition  both  energy  and  crystal  momentum  k  are 
directly  conserved  and  the  transition  probability  depends  on 
the  Joint  density  of  states  [Ref.  BO],  In  the  indirect 
transition  both  energy  and  crystal  momentum  are  conserved 
with  the  aid  of  phonons.  The  transition  probability  oepends 
on  the  product  of  the  initial  and  final  density  of  states. 

The  energy  gained  or  lost  by  the  phonon  is  small.  If  tne  Bloch 
representation  is  inedaquate  so  that  conservation  of  crystal 
momentum  is  no  longer  an  important  selection  rule,  the  transi¬ 
tion  probability  will,  again,  depend  on  the  product  of  th^' 
initial  and  linal  densities  of  states  [Ref,  49]  Nondlrect 
transitions  include  indirect  transitions  and  transitions  in 

-  48  - 


which  conservation  of  k  Is  not  important  as  a  selection  rule. 

A  large  amount  of  Information  about  the  density  of  states 
can  be  obtained  from  photoemission  measurements  by  assuming 
what  the  matrix  elements  at  a  given  photon  energy  are  constant 
[Ref.  50]  so  that  the  transition  probabilities  depend  only  on 
the  initial  and  final  densities  of  states  in  energy  space. 

The  density  of  states  determined  from  the  results  of  photo- 
emission  mieasurements  can  be  used  to  calculate  photoemissive 
yield  and  optical  constants.  It  can  also  be  used  to  reproduce 
ti.e  energy  distribution  curves  from  which  it  is  obtained. 

Distortion  in  energy  distribution  curves  due  to  band 
bending  has  not  been  considered  previously  in  a  quantitative 
fashion.  A  method  for  calculating  the  effects  of  band  bending 
on  energy  distribution  curves  is  developed  here.  Effects  of 
elastic  and  inelastic  scattering  of  the  excited  electrons  are 
also  considered. 

B.  THE  PHOTOSMISSION  EQUATIONS 

The  photoemission  quatlons  are  derived  by  assuming  that 
alx  of  tne  nonreflected  photons  from  a  normally  incident  light 
beam  are  absorbed  by  optical  excitation  of  electron-hole  pairs 
i.n  the  solid.  Some  of  the  optically  excited  electrons  travel 
to  the  surface  with  or  without  loss  of  energy.  Those  electrons 
which  arrive  ac  the  surface  with  sufficient  energy,  and  which 
are  not  reflected  back  into  the  solid,  escape  into  the  vacuum 
and  contribute  to  the  photoemission  current.  The  remain.ng 
electrons  are  unable  to  escape  and  lose  energy  inside  the 
solid.  The  ratio  of  emitted  electron  flux  to  Incident  photon 
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flux  Is  the  quantum  yield.  The  emitted  electron  flux  per 
unit  enere;  range  is  the  energy  distribution  of  photoemltted 
electrons . 

Consider  a  photon  flux  P  traveling  to  the  left  at  a 
distance  x  from  the  surface  of  a  semi -infinite  solid  as  shown 
in  Pig.  26.  The  differential  loss  of  photon  flux  dP  in  a 
distance  dx  l£  proportional  to  the  product  of  the  photon  flux 
and  the  thickness  of  the  absorbing  region.  The  constant  of 
proportionality  is  the  absorption  coefficient.  This  may  be 
expressed  in  terms  of  the  differential  equation 

^  =  -a(hv)dx  (5) 

The  solution  of  Eq.  (5)  for  photon  flux  as  a  function  of  dis¬ 
tance  is 

P(x,hv)  =  F^(hv)e“°^  (6) 

in  which  P^(hv)  is  the  value  of  the  photon  flux  (nonreflected) 
Just  inside  the  surface  of  the  sample".  Substitution  of  Eq.  (6) 
in  Eq.  (3)  results  in  the  expression 

dP(x)  =  -aP^(hv  )e“‘^^dx  (7) 

The  optical  absorption  of  the  photons  results  from  exci¬ 
tation  of  valence  band  electrons  to  fli:al  energy  levels  in 
the  conduction  band  in  the  range  of  energies  between  the 
conduction  band  minimum  and  an  energy  level  which  exceeds  the 
valence  band  maximum  by  the  photon  energy.  The  probability 
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that  the  optical  excitation  wiil  occur  to  a  i Inal  energy 
level  between  E  and  E+dE  as  illustrated  In  Fig.  2?  may  be 
expressed  In  terms  of  a  probability  density  function,  p^(E,hv). 
This  function  may  be  normalized  by  dividing  by  its  integral 
over  all  final  states  given  by 


hv 

P^(hv)  =  \  p^(E,hv)dE 

^0 


That  portion  df  of  the  differential  photon  flux  dP  which  is 
absorbed  in  an  energy  range  between  E  and  EidE  can  be  expressed 
using  Eqs.  (7)  and  (8)  by  the  relation 

^  p^(E,hv) 

df(E,hv,x;dE  =  “a(hv}  F  ^  ( hv )  e  ^dEdx  (9) 


In  Eq.  (9)  the  probability  density  functi 
P^CE^hv )/F^(hv )  may  be  combined  with  the 


on  for  absorption 
absorption  coefficient 


a(hv)  to  give  the  absorption  per  unit  uf  final  energy  range 
a’(E,hv)  in  the  solid. 

The  probability  that  an  electron  will  travel  to  the  surface 
and  escape  after  being  excited  to  an  energy  E  at  a  distance  x 
from  the  surface  can  be  expressed  in  terms  of  an  energy  depen¬ 


dent  attenuation  length  L(e)  and  a  threshold  function  T(E) 
[Ref.  32]  which  are  interdependent.  The  details  of  the  rela¬ 
tionship  between  T(E)  and  L(e)  in  the  presence  of  phonon 
scattering  and  specular  or  diffuse  reflection  of  electrons  at 
the  surface  is  not  well  understood  (see  Secs.  C2  and  C3  for 
more  discussion  of  these  quantities).  In  this  discussion,  it 
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FIG.  27.  EJTERGY  VERSUS  DISTANCj 
ABSORPTION  IN  A  SOLID. 


will  be  assumed  that  L(E)  is  independent  of  T(e)  and  represents 
an  attenuation  length  in  the  solid  with  no  surface  present. 
Thus,  the  probability  that  an  electron  escapes  to  the  surface 
is  given  by 


(10) 


The  product  of  Eqs .  (9)  and  (10)  gives  the  probable  number  of 
electrons  dn  in  energy  range  between  E  and  S+dE  which  are 
excited  at  a  distance  x  from  the  surface  and  subsequently 
travel  to  the  surface  without  loss  of  energy.  The  result  is 

dn(E,hv,x)dE  =  -a' (E,hv  )F^(hve“‘^e’^^^^“^dEdx  (ll) 


Integration  of  Fq.  (ll)  over  x  from  0  to  «  gives  the  number  of 
electrons  n  per  unit  energy  range  which  are  excited  and  which 
arrive  at  the  surface.  The  electrons  which  disappear  due  to 
attenuation  are  assumed  to  be  lost  from  the  energy  distribution. 
The  resulting  expression  is ; 


n  ( E , hv )  ^ 


(12) 


a(hv 


in  which  p^(E,hv )/FQ(hv)  =  a' (E,hv)/a(hv) . 

Equation  (12)  is  now  multiplied  by  the  energy  dependent 
threshold  function  T(e)  which  takes  into  account  the  directional 
dependence-  of  the  escape  probability  for  electrons  arriving  at 
the  surface.  As  mentioned  previously,  and  as  discussed  in 


detail 


bees 


threshold  funci 


-  Rii  _ 
^  ' 


attenuation  length  are  not  actually  Independent.  The  result  is 
the  expression  for  the  energy  distribution  of  photoemitted 
electrons  N(E)  given  by 


N(E)dE  =  F^(hv)TCE)  ^  - - hj - dE  (13) 

^  ^  a(hv )L(E) 


The  quantum  yield  la  determined  by  Integrating  Eq.  (13) 
over  all  energies  from  the  threshold  to  the  photon  energy 
(referred  to  the  top  of  the  valence  band)  and  dividing  by 


the  incident  photon  flux  resulting  in  the  expression 
hv 


Y(hv)  = 


/  iY(E)dE 
Eq+E^ 

P^(hv) 


hv 


=  ^  /  T{E}  ^ 


E„+E, 
u  A 


^  a(hv ;L(E) 


dE 


(14) 


in  which  F^/P^  =  1-R  accounts  for  the  fact  that  a  fraction  of 
the  photons  are  reflected.  R  Is  the  reflection  coefficient. 

The  equations  derived  in  this  section  for  yield  and  the 
energy  distribution  of  photoemitted  electrons  are  used  to 
derive  methods  of  determining  the  dexislty  of  states  (Sec.  D) 
and  to  determine  the  effects  of  band  bending  and  scattering 
on  photoemission  measurements  (Sec.  E).  The  results  will  be 
used  in  the  next  chapter  to  aid  In  the  interpretation  of 
pno uoemission  data  and  to  make  calculations  based  on  the  derived 
density  of  states. 
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C,  ABSORPTION  COEFFICIENT,  ATTENUATION  l^NGTH,  AND  THRESHOLD  FUNCTION 
1 .  Absorption  Coefficient  and  Optical  Conductivity 

The  absorption  coefficient  and  optical  conductivity  of  a 
material  are  proportional  at  a  fixed  photon  energy,  as  Is  shown 
below.  The  Poyntlng  vector  S  and  the  photon  flux  P  are  related 
by  the  expressions 

S  =  hv.F 

dS  =  hv  •  dP 


(l6) 

The  average  power  absorbed  in  a  slab  of  unit  area  and  thickness 
dx  is  by  definition 

dS  =  -  -  a&^dx  (17) 

in  which  a  is  the  optical  conductivity  and  g  is  the  peak  vai Je 
of  the  sinusoidal  electric  field.  The  power  incident  on  the 
slab  is  given  by  the  time  average  value  of  the  Poyntlng  vector  as 

s  =  2#-e^  (18) 

in  which  Zq  is  the  impedance  of  free  space  and  tj  is  the  real 
part  of  the  index  of  refraction.  To  derive  Eq.  (l8)  the  electric 
and  magnetic  fields  are  assumed  to  be  represented  by  their 
magnitudes  multiplied  by  the  appropriate  unit  polarization 


so  that  Eq.  (5)  be  rewritten  as 


dS 


=  -adx 
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vectors  and  by  a  propagation  term  given  by  gi^(t-Nz/c) 
li  =  n-lk  as  the  complex  index  of  refraction.  Substitution  of 
Eqs.  (17)  and  (18)  Into  Eq.  (16)  results  In  a  relationship 
between  a  and  0  given  by 


a  = 


(19) 


The  optical  conductivity  is  determined  quantum  mecha¬ 
nically  by  calculating  the  transition  probability  per  unit  time 
per  unit  volume  between  an  initial  and  a  final  state  and  then 
by  summing  over  all  combinations  of  states  for  which  transitions 
are  allowed  [Ref.  50].  The  summation  may  be  done  over  states 
in  k  space  (if  Bloch  waves  are  used)  or  in  energy  space  by  the 
appropriate  transformation  from  k  space.  For  direct  transitions, 
the  transition  probability  depends  on  the  combined  density  of 
states  [Ref.  50]  In  energy  space  and  on  a  matrix  element.  (See 
transition  d  in  Pig.  28.)  For  indirect  transitions  such  as 
phonon -ass is ted  transitions,  the  transition  probability  depends 
on  the  product  of  the  initial  and  final  density  of  states,  and 
on  matrix  elements  connecting  the  initial  and  final  states 
through  a  virtual  state.  (See  transition  1  in  Pig.  28.) 

Other  mechanisms  such  as  polarization  of  the  lattice  [Ref.  51], 
low  hole  mobility  [Ref.  20,  21,  and  22],  or  nonperiodic  crystal 
structure  may  exist  for  which  the  Bloch  representation  of  the 
electron  is  not  the  best  representation.  Then  it  is  necessary 
to  take  a  summation  of  Bloch  states  to  represent  the  electron, 
and  the  coupling  between  electronic  states  can  no  longer  depend 

single  value  of  k  vector.  Under  these 
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on  conservation  of  a 


'  '"''''’'-""ilffl'S?  ’  "1'  '  I  . .  „ 


CircuTiscanceg ,  nondlrecl  transitions  may  ocnur  so  that  the 
wi-anBj.tlon  probability  ^111  depend  on  the  product  of  the  initial 
anu  final  densities  of  states  in  energy  space  and  on  matrix 
elements.  (See  transition  n  in  Fig.  28.)  The  matrix  element 
.i^ncludes  the  selection  rules  and  other  terms  which  determine 
the  magnitude  of  the  transition. 


the  transition  probabilities  for  a  given  photon 
energy  are  of  the  same  order  of  magnitude,  then  Eq.  (l9)  may 
be  written  as 


a’ (E,hv ) 


(20) 


in  which  a'  and  a'  represent  the  contribution  to  the  absorp¬ 
tion  coefficient  and  to  the  optical  conductivity  from  electrons 
absorbed  in  a  given  final  energy  range,  and  K  contains  all  of 
the  physical  constants.  Equation  (20)  Is  used  to  calculate 


optlcaj.  conductivity  for  comparison  with  experlrnental  values. 

Ihls  serves  as  a  check  on  the  importance  of  nondirect  transitions 
2.  Attenuatlo.i  Length  for  Excited  Electrons 

An  optically  excited  electron  either  moves  through  the 
solid  at  a  constant  energy  level  until  it  escapes,  or  it  changes 
energy.  The  energy  changes  can  be  grouped  into  two  important 
ca-/egorles;  those  processes  in  which  the  amount  of  energy 
change  is  small  in  comparison  with  the  resolution  of  the  experi¬ 
ment  such  as  phonon  or  impurity  scattering,  and  those  processes 
In  which  the  amount  of  energy  lost  is  significantly  larger  than 
the  resolution  of  the  experiment  such  as  pair  production.  In 
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pair  production,  part  of  the  energy  of  an  excited  conduction 
band  electron  is  given  up  by  exciting  a  valence  band  electron 
to  the  conduction  band^with  enersy  being  conserved. 

The  average  distance  traveled  by  an  electron  before 
suffering  a  low  loss  collision  is  represented  here  by  a  phonon 
collision  mean  free  path  .  The  average  distance  travelled 
by  an  electron  before  suffering  a  high  energy  loss  collision  is 
represented  here  by  an  electron  mean  free  path  The  attenua- 

i-ion  length  L(E)  represents  the  average  net  distance  traveled 
(in  Lhe  x  direction)  perpendicular  to  an  Infinite  plane  source 
of  Infinitesimal  thickness  before  electrons  originating  iso¬ 
tropically  from  the  source  suffer  a  high  loss  collision.  The 
way  in  which  L(E)  depe.nds  on  both  and  g^  is  complicated,  ana 
has  been  studied  by  a  number  of  people. 

If  no  surface  is  present  in  the  region  of  Interest,  age 
theory  (the  theory  of  diffusion  with  loss)  [Ref.  52]  may  be  used 
to  determine  L(ij).  If  a  sunfa.ce  exists  in  the  region  of  interest, 
as  In  photoemiSsion ,  age  theory  does  not  apply  exactly  since  the 
total  Integrated  distance  traveled  by  an  electron  In  the  x  direc¬ 
tion  may  be  much  longer  than  its  attenuation  length.  Electrons 
arriving  at  a  surface  may  escape,  or  they  may  undergo  specular 
or  diffuse  reflection.  Age  theory  yields  a  relation  between 
the  parameters  given  by 


L(E)  ^ 


(21) 


According  to  this  theory,  L(H)  is  proportional  to  for 


Ig«lp,  and  to  for 

Stuart,  Wooten,  and  Spicer  [Ref.  53]  have  done  an 
extensive  investigation  of  the  interrelation  of  mean  free  paths 
and  attenuation  lengths  by  the  Monte  Carlo  method  for  thin  film 
photoemi tter?  illuminated  on  the  surface  opposite  the  escape 
Surface.  They  considered  specular  and  diffuse  T'eflGotion 
separately.  Figure  29  shows  a  typical  set  of  results  from  their 
calculations.  Their  results  indicate  that  age  theory  predicts 
too  small  an  attenuation  length  for  small  values  of  and  too 
large  a  value  for  large  value  of 

The  electron-electron  scattering  tean  free  path  in 
metals  has  been  related  to  the  density  o"^  states  in  a  simple 
way  by  Berglund  [Ref.  52].  The  mean  fr';e  path  for  scattering 
due  to  pair  production  In  a  semiconductor  can  be  treated  in  the 
same  way  If  nondlrect  transitions  are  highly  probable  In  the 
scattering  process.  The  relation  between  the  attenuation  length 
and  the  absorption  length  is  important  In  determlng  the  absolute 
yield  from  CdS .  In  addition,  the  energy  dependence  of  the 
attenuation  length  may  cause  significant  structure  to  appear 
In  energy  distribution  curves  of  semiconductors  as  shown  in 
Chapters  IV  and  V. 

3 .  The  Threshold  Function 

Optically  excited  electrons  which  arrive  at  the  surface 
with  an  energy  exceeding  the  vacuum  le vei [ (E^+E^)  in  Fig.  2? ] 
can  escape  if  they  are  not  reflected  oack  into  the  solid  at 
the  interface.  Reflection  may  be  either  specular  or  diffuse. 

The  probability  that  the  electron  will  escape  depends  on  Its 
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direction  of  travel  when  it  arrives  at  the  surface.  Energy 
and  momentum  must  ba  conserved  in  the  process.  These  factors 
wun  be  com.bined  into  a  threshold  function  T(e)  which  represents 
an  average  probability  that  electrons  arriving  at  the  surface 
with  energy  E  will  escape.  The  attenuation  length  and  the 
threshold  function  are  interdependent  but  will  be  separated  in 
this  work. 

The  Som.merfeld  model  yields  a  threshold  function  of  the 

form 


in  which  p(E)  represents  the  electron  momentum  normal  to  the 
surface  with  a  critical  minimum  value,  p^(E^4-Eq).  The  form  of 
thresbolf  function  for  a  semiconductor  is  probably  much  more 
complicated  since  more  details  of  the  band  structure  and 
crystal  momentum  m.ust  be  included.  For  example,  Herring 
[Ref.  54]  has  shown  that  reflections  will  be  comparatively 
large  for  energy  levels  lying  near  a  Brillouln  zone  edge.  In 
spite  of  those  dif f ic'ultles ,  the  above  threshold  functio.n,  or 
a  step  threshold  function  will  be  used  in  Chapter  Tv  to  give 
som.e  insight  into  its  effect  on  the  photoemissior  process. 


D.  THE  DENSITY  OF  STATES  FROM  EflERGY  DISTRIBUTION  CURVES 
Energy  distribution  curves  have  been  used  [Ref.  4o]  to 
determine  important  features  of  the  density  of  states  for 
filled  and  empty  energy  levels  in  metals  and  semiconductors  by 
observing  the  change  in  position  of  peaks  as  the  photon  energv 
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Is  varied.  These  methods  have  been  used  primarily  to  determine 
the  energy  levels  of  peaks  and  to  determine  the  shape  of  peaks 
if  eltner  the  conduction  band  or  valence  band  density  of  states 
Is  flat  over  a  large  range  of  energies.  If  neither  density  of 
states  is  flat  over  the  region  of  energies  which  can  be  observed 
in  photoemission,  the  shape  of  the  density  of  states  can  still 
be  determined  by  a  method  described  in  this  section. 

The  location  of  peaks  in  the  densities  of  states  can  be 
determined  as  follows.  Peaks  which  appear  in  the  energy  distribu¬ 
tions  at  a  constant  final  energy  satisfying  the  relation 


E  =  const. 


(23) 


independent  of  the  photon  energy  can  be  associated  with  large 

densities  of  states  in  the  conduction  band  Peaks  which  satisfy 
the  relation 


E  =  hv  -  const 


(24) 


as  uhe  pnoton  ener-jiy  is  cha.nged  can  be  ass-'clated  with  large 
densities  of  states  In  the  valence  band.  When  the  above  rela¬ 
tions  are  satisfied  over  a  wide  photon  energy  range,  they 
provide  evidence  of  predominantly  nondirect  transitions,  as 
iliUSurated  in  Fig.  3l.  Peaks  in  the  energy  distributions 
wnlch  appear  and  disappear  or  which  do  not  satisfy  either 
nq.  or  Eq.  (24)  over  a  wide  range  of  photon  energies  can 

often  be  associated  with  direct  transitions.  However,  the 
same  types  of  behavior  can  occur  In  semiconductors  as  a  result 
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of  band  bendlnK  or  scawter“lng. 


If  nondirect 


tranBitions  predominate,  details  of  the 


effective  density  of  states  may  be 
is  substituted  into  Eq.  (13),  the 
the  energy  distribution  of  emitted 


determined.  If  Eq. 
resulting  expression 
electrons  is 


(20) 

for 


N(E) 


(E)N^{E-hv) 


(25) 


is  an  unknown  constant  which  includes  physical  constants, 
matrix  elements  that  are  assumed  to  be  constant,  and  sain 
settings  of  the  amplifier  used  to  record  the  energy  distribu¬ 
tions.  It  is  assumed  that  the  term  [l  +  l/a(hv )l(E) 
is  approximately  constant  over  the  range  of  electron  energies 
Involved  in  the  m.easurement .  Equation  (25)  shows  that  in  a 
mathematical  sense  the  energy  dls tribut.ions  represent  the 
individual  members  of  a  family  of  convolutions  of  the  valence 
band  density  of  states  with  the  conduction  band  density  of 
states.  The  effect  of  mofiochromatic  photon  illumination  is 
represented  mathematically  by  shifting  the  valence  band  de.n- 
slty  of  states  with  respect  to  the  conduction  band  density  of 
states  by  an  amount  equal  to  the  photon  enez^gy  as  shown  in  Fig.  30. 

Unuer  the  assumption  above,  if  optical  excitation  occurs 
X rora  a  regio.n  of  the  valence  band  density  of  states  which  is 
constant  over  a  large  energy  range  to  a  conduction  band  energy 
range  with  slgnll  leant  structure,  then,  in  the  corresponding 
rana^e  of  whe  energy  distribution,  Eq ,  (25)  reduces  to 
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Equation  (26)  indicates  that  the  shape  of  the  energy  distribution 
is  determined  by  the  product  of  the  threshold  function  and  the 
conduction  band  density  of  states.  Similar ly>  if  optical  exci¬ 
tation  occurs  from  a  valence  band  energy  range  with  significant 
structure  to  a  region  of  the  conduction  band  density  of  states 
which  is  constant  and  which  is  far  enough  from  the  the  threshold 
that  the  threshold  function  is  also  constant,  then  Eq.  (25) 
reduces  to 


N(E)  =  K3N^(E-hv) 


(27) 


Equation  (27)  Indicates  that  the  shape  of  the  energy  distribu¬ 
tion  is  determined  by  the  valence  band  density  of  states. 

If  neither  density  of  states  is  constant  over  a  large 
energy  range,  the  density  of  states  can  still  be  determined 
from  the  energy  distributions.  The  area  under  an  energy  dis¬ 
tribution  curve  is  proportional  to  the  yield  if  the  absorption 
coefficient  a  is  constant  as  is  shown  by  Eq.  (14);  therefore, 
the  measured  energy  distribution  curves  can  be  normalized 
approximately  by  using  the  measured  yield  curve.  If  the  energy 
distribution  curves  in  Pig.  30  are  normalized,  their  amplitudes 
and  at  a  final  energy  E^  are  given  by 


=  K,T,N  N 

1  1  1  c^  Vg 


B,  -  K,T,N  N 

1  1  1  c^  V3 


(28) 


so  that  two  points  in  the  valence  band  density  of  states  are 

determined  by  the  ratio  B, /A,  =  N  /N„  .  By  proceeding  in 

1  J.  V3 
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this  fashion  the  shape  of  the  entire  valer 
determined.  The  amplitude  B„  at  energy 
written  as 


e  band  can  be 
■-=  E,  rhv'Q-hv.  is 

A  li  A 


=  N 


29) 


so  that  two  points  In  the  conduction  band  density  of  states 
are  determined  by  the  ratio  B^/A  =  TpN  /T,N  j  therefore, 

X  ^  Gp  i.  Cj 

the  shape  of  the  entire  conduction  band  density  of  states  can 
also  be  determined. 

if  L(E)  Is  a  significant  function  of  electron  enersv .  the 
term  [l  +  l/a(hv)L(E)]  ^  In  Ed.  (20)  is  no  longer-  constant 
over  the  entire  range  of  electron  energies.  The  normallz'atlon 
procedure  Is  valid,  but  the  product  relation  applies  only  over 
that  portion  of  the  range  of  final  energies  in  which  electrons 
are  neither  lost  due  to  scattering  nor  gained  due  to  either 


secondary  electrons  or  inelastically  scattered  primary  electrons 
In  this  case,  or  if  a  is  a  significant  function  of  photon  energy 
the  multiplying  constant  Kj^  can  no  longer  be  determined.  The 
amplitudes  of  the  two  energy  distribution  curves  in  Pig.  jO  at 


energies  E^,  E^,  and  which  are  separated  by  an  energy  hv  -hv 

A 

can  be  written 


=  K.T  N  M 
A  O  c^ 

o  3 

-  ’'aT2No„Nv, 

c:  1 


(30) 
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in  whlcn  and  are  unknown  multipliers.  The  entire  vaJence 
band  density  of  states  can  be  found  within  an  unknown  constant 
multiplier  using  one  pair  of  energy  distribution  curves.  The 
ratios  Bg/Ag  and  B^/A^  are  now  given  by 

Bg/Ag  =(l^/1C^}(Nv^A'y  )  (31a) 


B,/A^  =(KgA.)(N^^A^^)  {31b) 

SO  that  N  can  be  found  in  terms  of  N  and  the  unknown  ratio 

3 

the  same  for  all  pairs  of  points,  by  multiplying 
Eqs .  (3la)  by  (31b),  Division  of  Eqs.  (31a)  by  (31b)  determines 
the  shape  of  features  in  the  valence  band  density  of  states  in 
terms  of  a  geometric  mean  ratio  given  by 


®1^2 


(32) 


This  ratio  should  be  the  same  regardless  of  the  pair  of  energy 

distribution  curves  from  which  it  is  obtained  and  can  be  used 

to  check  the  consistency  of  the  assumed  product  relation.  A 

similar  procedure  is  used  for  the  conduction  band  density  of 

states,  except  that  it  is  not  possible  to  separate  the  threshold 

function  T  from  the  density  of  states  function  N  . 

c 

The  methods  described  in  this  section  will  be  used  in 
Chapter  IV  with  the  experimental  results  to  determine  details 
of  the  CdS  density  of  states. 
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E.  THE  EFFECT  OF  BAND  BENDING  ON  PHOTOEMISblON 
1 .  Survey 

Band  bending  in  semiconductors  occurs  as  a  result  of 
the  requirement  for  overall  charge  neutrallt^f  in  the  material 
in  the  presence  of  charged  surface  states.  For  bent  bands, 
the  energy  with  respect  to  the  Fermi  level  of  a  given  Initial 
or  final  quantum  mechanical  state  depends  on  the  distance  from 
the  semiconductor  surface  at  which  the  absorption  takes  place. 
Optical  properties  which  depend  only  on  the  separation  between 
quantum  mechanical  states  such  as  optical  absorption,  optical 
conductivity  and  reflection  are  not  changed  as  a  result  of 
band  bending.  However,  some  characteristics  of  photoemission 
depend  both  on  the  separation  betwee.n  energy  levels  and  on  the 
electron  energy  referred  to  the  Fermi  level.  Yield  near  the 
threshold  and  energy  distribution  curves  over  the  whole  range 
of  energies  are  modified  if  band  bending  is  present. 

Ba.nd  bending  in  semiconductors  can  affect  thr  results 
of  photoemlssion  measurements  in  several  different  ways. 

Spicer  [Refs.  4l  and  42]  has  considered  photoemlssion  from 
defect  levels  and  the  effect  of  band  bending  on  quantum  yield. 

He  also  considered  the  impurity  concentrations  which  would  be 
required  to  produce  observable  effects  from  band  bending.  Van 
Laar  and  Scheer  [Refs.  43,  44,  and  45],  Gobell  and  Allen  [Ref.  46] 
and  Redfield  [Ref.  47]  have  discussed  the  effect  of  band  bending 
on  the  apparent  threshold  of  photoemlssion.  Band  bending  is 
only  one  of  many  possible  effects  which  can  modify  the  shape 
of  the  yield  curve  near  the  threshold.  This  also  depends  on 
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the  type  of  transitions  (direct  or  indirect,  allowed  or  unallowed)  3 
*  occurring  near  the  threshold,  the  presence  of  defect  levels  from  i 

which  photoelectrons  may  be  excited,  patchy  surfaces,  and  on  the  f 
extent  to  which  phonon  or  Impurity  scattering  modifies  the  escape  | 
conditions.  1 

Measurement  of  the  energy  distribution  of  photoemitted  I 

electrons  from  semiconductors  has  been  used  by  Spicer  [Ref.  4o]  I 

and  others  to  obtain  information  about  band  structure,  optical  I 

transitions,  and  scattering  processes.  Each  point  on  an  energy  i 

distribution  curve  represents  a  single  final  energy  in  the  I 

vacuum,  which  corresponds  to  a  single  optical  transition  In  I 

the  absence  of  band  bending  and  scattering.  Most  of  the  inf or-  I 

matlon  in  an  energy  distribution  curve  appears  in  an  energy  1 

range  far  from  the  threshold.  An  understanding  of  the  effect  of  f 
band  bending  on  energy  distribution  curves  is  necessary  to  aid  I 

in  correct  interpretation  of  the  energy  distribution  curves  I 

obtained  from  semiconductors.  C  aversely,  once  these  effects  I 

are  well  understood,  energy  distribution  curves  may  be  used  to  I 

investigate  band  bending.  f 

Before  band  bending  is  considered  in  detail,  it  should  1 

also  be  mentioned  that  the  discontinuity  of  bonds  at  x;he  surface  | 

may  introduce  new  allowed  energy  levels  from  which  photoemission  1 
can  occur.  This  source  of  distortion  is  expected  to  be  small,  I 

;  since  the  surface  extends  over  a  thickness  of  a  few  Angstroms  : 

as  compared  with  the  absorption  depths  which  usually  exceed  | 

100  8.  The  density  of  surface  states  is  also  small  [Ref.  55]  1 

compared  witn  the  density  of  states  in  the  volume.  Therefore,  s 
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pnotoemisslon  from  surface  states  snould  comprise  a  small 

wl  L-he  total.  Even  if  such  photoemlsslon  Is  observable 
It  will  appear  in  localized  regions  of  the  energy  distribution 

and*  trisrei ore  *  can  bp  ai  *r-  .. 

f  ud-j  Le  dio  u-iiigulshed  i  rom  the  effects  of 

band  bending. 

thcxrgea  surface  states  cause  energy  bands  to  be  bent 
with  respect  to  the  Fermi  level  as  shown  in  Fig.  31.  The 
rei3«li..lng  effect  on  quantum  efficiency  near  the  threshold  has 
been  aiscussed  by  van  Laar  and  Scheer  [Refs.  43,  44,  and  45]  and 
bpicer  LRefs.  4l  and  42l.  The  energy  distributions  for  surfaces 
with  bent  bands  will  be  different  from  those  for  surfaces  with 
unbent  bands  at  the  same  photon  energy.  The  mathematical  rela¬ 
tionship  between  the  two  types  of  energy  distributions  is  deter¬ 
mined  ciS  follows.  First,  a  bending  distribution  function  is 
used  to  determine  the  energy  distribution  in  the  vacuum,  of 
electrons  excited  to  the  same  final  quantum  mechanical  state 
at  Qifferent  distances  from  the  surface.  Second,  the  number  of 
electrons  emitted  in  a  small  differencial  energy  range  in  the 
vacuum  is  determined  by  adding  the  contribution  from  each  of 
uhe  available  final  quantum  mechanical  states. 

2 .  The  Bending  Distribution  Pu n c 1 1 cn 


An  energy  level  di 

a gram  fo 

D^iflds  1 S 

shown  In  Fig,  31, 

let  E’ 

referred 

to  the  cop  of  the 

valence 

j-dentlcal  quantum  states). 

and  let 

referred 

to  the  top  of  the 

valence 

(corresponding  to  a  fixed  energy  level  with  respect  to  tfip 
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Fermi  level).  The  illvimination  Is  assumed  to  te  weak,  so  that 
the  position  of  the  Fermi  level  remains  unchanged  after  Illu¬ 
mination.  For  agiven  photon  energy,  the  matrix  element  connecting 
the  initial  state  E»  to  the  final  state  E?  is  assumed  to  be 
independent  of  the  distance  from  the  surface  at  which  the 
transition  occurs.  This  assumption  may  not  be  valid  if  the 
field  due  to  band  bending  is  sufficiently  large. 

The  bending  distribution  function  determines  the  distri¬ 
bution  of  energies  in  vacuo  of  electrons  which  are  excited  at 
different  distances  from  the  surface  inside  the  solid  to  iden¬ 
tical  final  quantum  states.  The  details  of  the  identical  bending 
distribution  function  depend  on  th=?  potential  as  a  function  of 
distance  in  the  material  for  a  given  quantum  state.  Many  con¬ 
clusions  can  be  made  about  the  bending  distribution  function 
without  a  detailed  knowledge  of  the  band  shape.  The  band  shape 
as  a  function  of  distance  in  the  material  depends  on  the  mecha¬ 
nisms  wnlch  neutralize  surface  charge.  Dousrr.anis  and  Duncan 

[Ref.  56]  have  calculated  the  band  shape  for  several  specific 
situations 

As  the  escaping  electron  travels  toward  the  surface, 
its  energy  E  with  respect  to  the  Fermi  level  remains  constant 
in  the  absence  of  scattering;  however.  Its  probability  of 
scattering  is  determined  by  the  energy  E'  which  In  turn  depends 
on  the  distance  between  the  electron  and  the  surface.  If  the 
bands  are  bent.  Therefore,  an  average  attenuation  length  must 
be  used.  In  the  following  discussion,  average  attenuation 

w  *7  ii  — 


lenguns,  L(E)  and  L(EV),  will  be  assumed.  Since  in  this  treat¬ 
ment  E  and  E»  are  almost  Indentical,  these  attenuation  lengths 
can  be  used  interchangeably  except  in  a  few  lim.ited  energy 
ranges  v/here  the  scattering  probability  changes  rapidly  with  a 
change  in  S  or  E» .  Equation  (ll)  with  E‘  substituted  for  E, 
since  transition  probabilities  are  determined  by  E' ,  gives  the 
probable  number  of  electrons  dn  in  the  energy  range  between  E’ 
and  E'4dE'  which  are  excited  at  a  distance  x  from  che  surface 
and  which  subsequently  escape  to  the  surface  without  losing 
energy.  After  substitution  of  E»  and  p(E',hv)  =  a(hv)  +  1/L(E») 
Eq.  (ll)  becomes 

dn(E’,hv,x’'  =  -a*  (E*  )P^(hv  ^^dx 


Integrauion  of  £,q.  (33)  over  all  x,  holding  E'  fixed,  results  in 
an  expression  similar  to  Sq.  (12)  for  the  number  of  electrons 
per  unit  energy  range  excited  to  a  final  energy  level  E'  given 


by 


n(E' ,hv ,x) 


a' (E- ,hv )p^(hv ) 
g(E»,hv) 


(34) 


Substitution  of  Eq. 

dn(E'  ,.hv  ,x) 


(34)  in  Eq.  (33)  results  in  the  relation 

=  -p(E’ ,hv)n(E' ,hv)e"^^dx  (35) 


In  Eq.  (35)  X  depends  on  the  energy  difference  AE  =  E-E’  through 
the  functional  relation 


X  =  x(AE) 


(36) 
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for  which  the  corresponding  differential  relation  i: 


dx  = 


d(M)  = 


d  ■ 


(3T) 


Substitution  of  Eqs.  (36)  and  (37}  in  Eq.  (35)  gives 


dn ( E , AE , hv )  = 


n(E-aE,hv  }3(E,hv  )e~^^d(M  ) 

ld(M:) 

I  dx 


(38) 


in  which  E  and  ^  are  used  in  place  of  E’  and  x  to  specify  the 
location  of  the  differential  element,  and  p(E',hv)  is  replaced 
by  p(E,hv)  since  L(e»)  =  l(E)  for  reasons  previously  discussed. 

A  bending  distribution  function  is  defined  by  separating 
tq.  (38)  into  two  parts.  The  first  part  represents  the  number 
of  electrons  per  unit  energy  range  which  are  available  for 
photoemission  from  a  pair  of  quantum  states  with  final  ener-v 
—  E-AE  in  the  absence  of  band  bending.  The  second  part 
represents,  the  fraction  of  electrons  per  unit  energy  range  due 
to  cne  aocve  transition  which  nave  their  final  energv  shift‘=‘d 
to  energy  E  as  a  result  of  band  bending,  and  is  called  the 
bending  distribution  function,  given  bv 


iE ,  E ,  hv  )  = 


B(E,hv  )e 
Idf  AE 


/.IT  ]  J 

x"^  t 


(39) 


Equation  (32)  may  then  be  written  as  foll( 


dn(AE,E,hv)  =  6 f  AE , E , hv  j n ( k -AF. ^ hv  ) d ( AE ) 


-  y6  ^ 


(40) 


3.  The  Blnergy  Distribution  Curve  with  Band  Bending 

The  energy  distribution  with  band  bending  is  related 
to  the  energy  di  3  tribufcion  without  band  bending  through  the 
bending  distribution  function  by  multiplying  Eq.  (40)  by  a 
threshold  function  and  then  integrating  over  all  AE  resulting 


in  the  expression 


n^(E,hv)  = 


m 


B(AE,E,hv)n(E-AE,hv)T(E)d(AE) 


(41) 


Figure  32  shows  the  relationship  between  hypothetical  energy 
distribution  curves  without  (solid)  and  with  (dotted)  band 
bending.  The  threshold  function  is  omitted  for  clarity.  Note 
that  the  bending  distribution  function  is  a  function  of  E. 
Equation  (4l)  can  be  used  to  calculate  energy  distributions 
with  band  bending. from  specific  unbent  energy  distributions. 

In  general  it  is  more  useful  to  understand  the  relationship 
between  the  energy  distributions  based  on  the  properties  of 
the  bending  distribution  function  as  discussed  in  the  following 
paragraph. 

4.  Quantitative  Estimates  of  the  Effects  of  Band  Bending 

on  Energy  Distribution  Curves 

Three  principal  effects  of  band  bending  on  the  energy 
distribution  curve  are  discussed.  First,  peaks  appearing  in 
an  energy  distribution  curve  for  unbent  bands  have  their 
absolute  energy  level  shifted  as  a  result  of  band  bending, 
whereas  the  spacing  between  peaks  is  not  greatly  affected  by 
band  bending  (see  Pig.  32). 


The  amount  of  shift  can  be 
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estimated  by  calculating  the  meapi  value  of  the  bending  dlstrlbu 
tion  function  given  by  Eq.  (39)«  Second,  band  bending  causes 
the  peaks  to  broaden  by  an  amount  which  can  be  estimated  by 
determining  the  standard  deviation  of  the  bending  distribution 
function.  Third,  the  surface  states  which  produce  band  bending 
may  also  cause  a  change  in  the  electron  affinity  of  the  material, 
resulting  In  a  different  thresliold  function.  The  magnitudes  of 
the  first  two  of  these  effects,  which  are  estimated  from  the 
tending  distribution  function,  are  determined  for  the  special 
cases  of  an  exponential -potential -versus -distance  relation  and 
a  linear  potential  versus  distance  relation.  The  results  differ 
only  in  a  minor  way  from  similar  results  which  have  been  calcu¬ 
lated  using  a  more  exact  band  shape  for  a  specific  case  from 
the  data  of  Dousmanis  and  Duncan  [Ref.  56]. 

a.  Exponential  Potentiui-Versus -Distance  Relation 

For  exponential  bands  the  band  shape  as  a  function 
of  distance  fromi  the  surface  Is  giv'en  by 


^  =  (E-E’ )  =  dE^e' 


{h2) 


in  which  I/7  is  the  characteristic  length  for  band  bending  in 
the  material.  The  bending  distribution  function  calculated 
from  Eqs.  (39)  and  (42)  is  given  by 


B(S,M,hv)  = 


P/AE 


(43) 


and  is  plotted  in  Pig.  33  for  several  different  values  of  the 
parameter  B/y.  For  E/7<1  the  function  goes  to  Infinity  at 
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^  =  Oj  however,  the  area  under  the  curve  as  uE-^O  is  flnice 
so  ■"hat  Its  contribution  to  the  energy  distrlbatlun  curve 
with  band  bending  is  also  finite. 

With  band  bending,  the  average  shift  in  energy  of 
electrons  that  are  emitted  from  identical  final  quantum  states 
is  calculated  from  the  distribution  function  of  Eq.  (43).  The 
result  is 


<AE)  =  AE^ 


m  1  + 


tTp 


(44) 


as  plotted  in  tig.  34.  Note  that  S  is  a  function  of  E  and  hv , 
while  7  is  dependent  only  on  the  nature  of  the  band  bending 
as  can  be  seen  from  Eq.  (42).  The  position  of  a  peak  as  a 
function  of  photon  energy  in  the  presence  of  band  bending 
depends  on  the  parameter  y/p  as  well  as  on  the  factors  dis¬ 
cussed  in  Sec.  D.  The  change  in  (AE)  corresponding  to  a  given 
percentage  change  in  y/^  is  given  by  the  relation 


7  d(<AE>)  &E^(7/P)  (M)(AE^-(AE)) 

e  aCv/p)  (1+7/0)® 


This  relation  is  plotted  in  Pig.  34b  as  a  function  of  AE  ,/AE.^,. 
The  parameter  is  related  to  y/p  through  Pig.  34a.  A  change 
in  y/p  will  cause  the  largest  change  of  (AE)  for  y/p  =  1. 

The  standard  deviation  of  AE  is  determined  from 


Eq.  (43)  to  be 


[<(A2.i)0  -  (AS)^^!  =  AE Jl 


<^m) 
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(46) 
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yjhich  is  plotted  in  Fig.  i4c.  This  indicates  that  the  maximum 

loss  of  resolution  due  to  band  bending  occurs  foi’  7  =  p  and 

has  a  value  of  0,6  AE„  which  is  defined  here  as  twice  the 

m 

deviation . 

b.  Linear  Potential -Versus -Distance  Relation 

If  no  net  charge  is  available  to  neutralize  the 
surface  charge  in  the  region  from  which  photoemisslon  can 
occur,  the  field  e  is  constant  and  the  potential  is  a  linear 
function  of  distance  given  by 


AE  =  Eg  -  E»  =  ex 


(^7) 


as  shown  in  Fig.  35.  This  situation  can  exist  in  a  material 

which  is  lightly  doped,  or  it  can  occur  if  measurements  are 

made  at  a  photon  energy  for  which  the  combined  characteristic 

length  for  absorption  and  escape  l/p  is  small.  Here,  the 

reference  energy  is  taken  as  the  energy  level  at  the  surface 

E  since  the  corresponding  potential  far  from  the  surface 
s 

cannot  be  specified.  The  bending  distribution  function  is 


B(AE,Eg,hv) 


p(E^,hv)e"^/^ 


(^8) 


and  has  a  mean  value  and  a  standard  deviation  of 


(AE)  =  e/e 


(49a) 


[((AE)^)  -  <AE)^j^  =  e/e 


{49b) 


respectively.  The  bending  distribution  function  is  plotted 
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in  Fig.  35 j  and  shows  that  electrons  which  are  excited  to  a 
single  final  quantum  state  appear  in  an  exponential  distribution 
In  the  vacuum. 

The  electric  field  at  the  surface  is  related  to 


the  surface  charge  density  by 


€ 


(50) 


in  which  €  is  the  dielectric  constant  of  the  material  and  q 
is  the  electronic  charge.  Equations  (40)  and  (50)  are  combined 
Into  the  relc  ion 


AE 


(51) 


to  estimate  the  surface  charge  required  to  produce  an  observ¬ 
able  effect  due  to  band  bending.  A  typical  example  for  CdS 
is  given  using  a  minimum  observable  value  of  AE  of  0.1  eV, 
a  relative  dielectric  constant  of  11.6  and  a  typl..di,  charac¬ 
teristic  length  1/3  of  100  8.  The  required  surface  charge  is 
=  6,4  x  10'^“'  per  cm^  with  a  corresponding  field  of  10^  V‘ 
per  cm. 


No  conclusive  evidence  of  band  ’  idlng  was  found 


in  the  photoemission  measurements  on  GdS  although  some 
may  be  present.  On  the  basis  of  the  above  discussion, 
possible  that  band  bending  could  contribute  a  maximum 
0.1  eV  reduction  in  resolution  and  a  maj<.imum  shift  in 
location  of  ±0.1  eV.  Since  the  resolution  of  the  meaa 
is  around  0.1  el,  such  effects  of  band  bending  are  not 


effects 
it  is 
of  about 
peak 
u remen ts 
considered 
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significant.  Mo  new  peaks  In  the  energy  distributions  are 
expected  In  this  case  as  a  result  of  band  bending. 

c.  Special  Potential 'Versus -Distance  Relation 

Bending  distribution  functions  have  been  determined 
grapnically  from  the  data  of  Dousmanis  and  Duncan  for  a  surface 
potential  of  O.p  v  and  a  bulk  potential  of  -0.4^^  v  referred  to 
the  Fermi  level  for  Intrinsic  material.  The  strong  similarity 
between  these  distribution  functions  which  are  shown  in  Fig.  36 
and  the  distribution  functions  for  exponential  bands  si  ,.wn 
in  Fig.  33  indicates  that  the  general  features  of  band  bendinr 
are  well  represented  by  the  assumption  of  exponential  bands. 


THE  EFFECT  OF  ELSCTROM-ELECTRON  SCATTERING  ON  PHOTOEMISSION 
FROM  3EMIC0!©UCT0RS 


Electron-electron  scattering  resulting  in  pair  production 
can  distort  energy  distribution  curves  in  photoemission  from 
semiconductors.  Berglund  [Ref.  32]  has  developed  an  approxi¬ 
mate  theory  for  electron-electron  scattering  In  metals  which 
considers  once  scattered  electrons.  This  theory  is  based  on 
the  assumption  that  the  mean  free  path  for  inelastic  scattering 
is  much  shorter  than  the  absorption  length  which  is  in  turn 
much  shorter  than  the  mean  free  path  for  elastic  scattering. 

Tne  tneory  also  assumes  that  the  scattering  is  the  result  of 
a  short  range  screer  id  coulomb  interaction.  Experimental 
evidence  from  photoemission  curves  on  CdS  Indicates  that  many 
fea'-ures  of  the  aoove  tneory  may  apply  to  semiconductors. 

The  energy  levels  Involved  in  this  type  of  scattering  event 
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are  shown  In  Fig.  37.  An  electron  in  the  conduction  hand 
with  energy  E’  scatters  to  energy  E  by  exciting  an  electron 
In  the  valence  band  with  energy  to  an  energy  +  (E’-E) 
so  that  energy  is  conserved.  It  is  assumed  that  conservation 
of  k  is  not  required  in  the  transitions.  Each  of  the  transi¬ 
tions  is  assumed  to  occur  wi^h  a  probability  density  propor¬ 
tional  to  the  product  of  the  densities  of  states.  Thus  the 
probability  per  unit  time  Pg(E»,E)  o-  scattering  from  an  energy 
E*  to  an  energy  E  is  given  by 


00 


p^(E-,E)  -  KK(E)N^(E^)N^(E„+E'-E)dE^ 


52) 


with  the  total  probability  per  unit 

energy  E’  given  by 

00 

P,(E')  -  ^p,(E',E)dE 


;ime  of  scattering  from 


(53) 


The  scattering  mean  free  path  £^{S'}  is  then  found  by  usiru 


the  relation 


=  Vg.(E«)T(E«)  =  VgCEO/tgCt-O 


(5h) 


and  the  energ?/  distribution  of  photoemitted  electrons  becomes 

r  hv 


N(E)  =  K 


{ 


'(E)  +  2\ 


P»(E',E) 


TTTTT  d’(E')dE' 

Cm’  \ 


(55) 


where  K-^  is  an  unknown  constant.  The  attenuation  length  L(e) 
may  become  an  important  factor  in  determining  the  shape  of  the 
enersv  distributions  at  high  electron  energies.  Therefore,  the 
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FIG.  36.  BENDING  DISTRIBUTION  FUNCTION  CALCULATED  FROM 
DATA  OF  DOUSMANIS  AND  DUT^^CAN.  (Compare  with  Pig.  33 .‘) 
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[G.  37.  ENERGY  LEVEL  DIAGRAM  FOR 
ELECTRON-ELECTRON  SCATTERING  AND 
PAIR  PRODUCTION  IN  A  SEMICON¬ 
DUCTOR  . 


term 


a(hv)  + 


(56) 


must  be  included  explicitly  in  the  energy  distrihution 
dependence  of  L(E)  on  6as  been  discussed  in  Sec. 

From  the  results  of  age  theory.,  one  can  conclude  that 
dependence  lies  somewhere  between  L(E)  «  ^g(E)  and  L(E 


C2. 

the 

)  ^  -v  ig  ( E ) . 


Assuming  the  linear  dependence  and  constant  group  velocity.,  the 
first  term  in  the  energy  distribution  can  be  written  apprcr.i- 


mately  as 


1 

a 


1  + 


a 


(57) 


where  is  an  unknown  constant.  The  term  in  the  energy 
d 

distribution  equation  given  by  Eq.  (57)  takes  into  account  the 
loss  of  high  energy  electrons  due  to  inelastic  scattering  as 
shown  In  Chapter  IV,  Sec.  I. 

The  energy  distribution  of  inelastically  scattered  and 
secondary  electrons  is  taken  into  account  by  the  second  term 
in  the  brackets  in  Eq.  (55).  T..is  term  represents  the  genera¬ 
tion  rate  as  a  function  of  energy  for  once  scattered  electrons 
and  secondary  electrons  in  the  solid.  The  r scape  conditions 
in  the  presence  of  combined  elastic  and  inelastic  scattering 
are  not  well  understood.  In  Chapter  IV,  Sec. I,  this  generation 
term  is  used  to  estimate  the  energy  distribution  of  electrons 
due  to  inelastic  scattering. 
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IV .  EXPERIMTAL  RESULTS  OF  PHOTQEMISSION  FROM  CdS 
INTERPRETED  IN  TERPB  OF  BULK  PROPERTIES 


A.  TEST  SAMPLES  AND  PROCEDURES 

The  electrical  and  chemical  properties  of  CdS  samples  from 
which  ppiotoemlssion  measuremexits  have  been  made  are  listed  in 
Table  I.  The  suppliers  of  the  samples  are  also  Indicated. 

The  samples  are  divided  into  categories  according  to  the  sur¬ 
face  preparation^  and  are  desigriated  by  the  following  symbols: 

1)  VC  for  samples  cleaved  and  measured  in  high  vacuum  (lO*^  torr)} 

2)  T  for  samples  cleaved  in  air,  sealed  in  a  glass  tube,  out- 

gassed  by  baking  for  about  eight  hours  at  140°C,  and  sealed  off 

-8 

at  a  pressure  of  approximately  lO’  torr;  3)  AC  for  samples 
cleaved  in  air  and  Immediately  tested  in  low  vacuum  (Hg  atmosphere 
of  10  ■  torr);  and  4)  LVC  for  the  sample  which  was  cleaved  and 
tested  In  a  low  vacuum  (H^  atm.osphere  of  10  torr). 

The  primary  purpose  of  this  chapter  is  to  interpret  the  rho- 
toemission  In  terms  of  the  band  structure,  the  optical  properties, 
and  the  other  mechanisms  Involved  in  bulk  photoemission  from  CdS. 
The  differences  in  the  photoemission  results  obtained  hy  the 
various  techniques  used  in  preparing  the  CdS  surfaces,  although 
they  are  large,  can  be  attributed  to  physical  and  chemical  changes 
near  the  surface  that  do  not  obscure  the  main  features  of  the  bulk 
photoemlsslon  properties.  The  prlncinal  changes  are  l)  reduc¬ 
tion  in  the  electron  affinity,  attributable  to  chemical  changes 
at  the  surface,  and  2)  change  in  the  relative  amplitude  of  peaks 
in  energjr  distributions  taken  at  the  same  photon  energy. 
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attributable  to  Increased  scattering  due  to  adsorbed  gas  (see 
Chapter  V).  After  photoemission  from  the  high  vac'ium  cleaved 
samples  was  measured,  the  samples  were  exposed  to  various 
gaseous  environraents  and  heat  cycles.  Photoemlsslon  measure¬ 
ments  which  were  made  on  the  samples  after  the  vacuum  was 
restored  can  be  used  to  determine  the  effect  of  surface  treat¬ 
ment  on  photoemlsslon  from  CdS.  These  surface  effects  are 
discussed  in  detail  in  Chapter  V. 


TABLE  1.  DATA  ON  CdS  TEST  SAMPLES 


Supplier 

Resistivity 

(ft-cm) 

Impurities 

Cleavage 

Plane 

VCl  Harshaw 

2 

pure* 

1210 

VC 2  Harshaw 

2 

pure* 

1210 

VC3  Harshaw 

2 

pure* 

1210 

VC 4  Harshaw 

10^  (dark) 

S  comp . 

121C 

T1  Eagle  Picher 

0.1 

.005^  InCl^ 

u**( n  to 

c) 

T2  Eagle  Picher 

oa 

.005^  InCl^^ 

u**( i i  to 

c) 

T3  Harshaw 

2 

pure* 

loio 

ACl  Eagle  Picher 

0.1 

.005^  InCl^ 

U**( 1 1  to 

c) 

AC 2  Harshaw 

2 

pure* 

loio 

AC 3  Harshaw 

2 

pure* 

1210 

LVCl  Harshaw 

10^  (dark) 

S  comp . 

1210 

*  Less  than  1  ppm  Al,  Cu-  Pe,  Si,  Li,  Na,  Cai  50  ppm  Zn 
**  U  means  unknown . 
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ENEH-aY  DISTRIBUTION  OF  PHOTOEMITTED  ELECTRONS 


TIiE  MEASURSI 


1 .  Introduction 

Energy  distribution  curves  are  presented  in  this  sec¬ 
tion  and  are  used  to  establish  the  absolute  energy  o:?  maxima 
in  the  conduction  and  valence  band  densities  of  states.  Details 
of  the  density/  of  states  functions  are  described  in  a  later 
section . 


2 .  Determination  of  the  Absolute  Energy  Scale 

The  abscissa  on  the  measured  energy  distribution  curves 
presented  later  is  the  energy  of  the  electron  referred  to 

U 

the  collector.  This  energy  in  electron  volts  is  equal  to  the 
applied  retarding  potential,  and  Its  value  relative  to  the 
energy  In  the  solid  depends  on  the  emitter  and  the  collector 
work  functions  (see  Fig.  25).  The  energy  of  the  electron  with 
respect  to  the  top  of  the  valence  band  Is  represented  by  E. 

This  energy  is  Independent  of  the  work  functions. 

The  energies  E  and  are  related  by  either  of  the 
equations 


E  ‘  ^b  = 


ana 


i  -  E^,  =  (E^+E^,)  +  J 


m  s 


(58a) 

(58b) 


(see  Fig.  25  In  Chapter  IIF’4,  and  Fig.  38).  The  energy  at 
the  Fermi  level  Ep  is  referred  to  the  top  of  the  valence  band, 
The  magnitudes  of  the  electron  affinity  and  of  the  band  gap 
are  given  by  E,  and  E~  respectively,  and  the  emitter  and 
collector  work  functions  are  given  bv  and  respectively. 

—  t..  g  n\  ' 

^  The  energy  difference  E-E^,  is  difficult  to  determine 
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. .  . . . . 


exactly,  it  can  oe 


determined  by  measuring  the  collector  work 


function  (chapter  IIP4)  a.nd  by  determining  the  Perml  level 
from  tne  electrical  or  the  chemical  properties  of  the  material. 
However,  the  7-rml  level  at  the  surface  may  not  be  the  same 
as  In  the  bulk  because  of  band  bending  or  diffusion  of  Impurltiei 
The  energy  difference  can  also  be  determined  from  the 
maximum  electron  energy  E-^  referred  to  the  collector,  at  a 

CO 

given  pb.oton  energy  hv  for  vmlch  the  m.aximum  elpctr-^'’*-’ 
referred  to  the  top  of  the  valence  band 


^  tP 

JL*-- 


V H  • 


nn 


Tnen 


the  energy  difference  is  E-E^  =  average  value  of 

^co 

the  energy  difference  determined  from  several  of  the  curves  at 
tiiC  iiigher  photon  energies  should  be  used.  At  the  lower  photon 
energies,  photoemission  from  quantum  states  above  the  vacuum 
level  can  introduce  errors.  The  energy  distributions  alv/ays 
extend  over  a  greater  energy  range  than  vjould  be  predicted 
using  the  electron  affinit.v  d^hfiT'rr!'? r^csH  _ 

Most  of  t.ne  discrepancy  Is  on  the  low  energy  end  of  the  e.nerg^/ 
distribution  where  the  photodiode  goes  into  saturation 
uncertainty  in  E-E>,  represents  a  shift  in  the  energy  zero  so 
thEw  vhe  spacing  between  peaks  In  the  energy  distrlbutjor  Is 
not  affected  by  it. 

In  this  work  the  energy  difference  E-S.^  is  established 
using  tne  photon  energy  and  the  maximum  electron  energy.  The 
wfitirgy  snlft  determilned  by  addinm  the  enen^v"  E  to  tbc  co"^  ^e-" 
cor  work  funcclon  was  not  used  because  of  difficulties  In 
determining  t.hese  quantities  accurately,  if  a  marked 
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PIG.  38.  ABSOLUTE  ENERGY  SCALES  FOR  PH0T0EMI33I0N  PROM 
SEMICONDUCTORS.  Eb  the  energy  referred  to  the 
collector.  E  Is  the  energy  referred  to  the  maximum 
valence  band  energy. 
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diffe.rsncs  Is  found  betwesn  the  enengy  scsl©  shifts  det-erniinod 
by  the  two  methods,  this  Indicates  the  presence  of  band 
Dt^nalng.  No  oana  Denaing  was  detected  within  experimental 
errors . 

3.  Hlgh-Vaeuum-CIeaved  (VC)  CdS 

energy  dlstrioutlon  curves  have  been  measured  on  the 
hlgh-vacuum-cleaved  CdS  samples  listed  in  Table  1.  Measure¬ 
ments  have  been  made  1)  on  conduction  samples  cleaved  along 
two  different  cleavage  planes  parallel  to  the  c  axis,  2)  on 
one  conducting  sample  with  and  without  visible  light,  and 
3)  on  a  photoconducting  (insulating)  sample  tvhich  required 
visible  Illumination  to  obtain  sufficient  conductivity  for 
the  measurements.  Energy  distribution  curves  measured  on 
the  above  samples  at  a  given  photon  energy  are  substantially 
the  sam.e.  No  tim.e  variation  in  the  shape  of  the  curves  was 
noted  within  several  days  after  cleaving.  The  first  curve 
on  each  sample  was  m.easured  within  three  to  five  minutes 
after  the  sample  was  cleaved. 

A  typical  complete  set  of  energy  distribution  curves 
Is  presented  for  CdS  sam.ple  VC-2  in  Figs.  CSa-f.  The  area 
under  these  curves  has  not  been  adjusted  to  be  proportional 
to  yield  (normalized  to  yield) .  They  were  measured  within 
one  hour  after  the  sam.ple  was  cleaved. 

The  energy  difference  E-Eu^  determined  as  described 
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lii  bee.  Be;  is  estimated  to  be  6.bb±0.2  eV  for  the  vacuuni 
cleaved  sample  under  consideration.  The  energy  scales  for 
E  and  are  shown  In  Pig.  38. 

A  peak  appears  in  the  energy  distributions  of  Pig.  39 
which  satisfies  the  relation  [see  Eq.  (23)] 


=  1.35  eV 


(59) 


E  =  8.2  eV 


Independent  of  photon  energy.  The  peak  at  E  =  8.2  eV  can  be 
associated  with  a  maximum  in  the  conduction  band  density  of 
states  located  8.2±0.2  eV  above  the  top  of  the  valence  band. 

The  energy  distribution  curves  for  VC2  are  plotted  as 
a  function  of  (E^-hv)  in  Fig.  40  for  photon  energies  from 
9.8  to  11.6  eV.  A  peak  appears  in  these  curves  at  -8.05  eV 
independent  of  photon  energy.  This  peak  satisfies  the 
relation  [see  Eq.  (24)] 


=  hv  -  8.05  eV 


E  =  hv  -  1.2  eV 


(60) 


and  can  be  associated  with  a  hlo-h  densltv 
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FIG.  40.  Ef^RQv  DISTRIBUTIONS  FROM  HIGH- 
VACUUM-CLEAVED  CdS  AS  A  FUNCTION  OF 
E.^  -  hv.  (hv  =  9.8  to  11.6  ev.) 


1=2±0.2  eV  below  the  top  of  the  valence  band. 

3.  Low-Vacuum-Cleaved  (LVC)  CdS 

Energjf  distribution  curves  measured  on  the 
cleaved  (LVC)  CdS  listed  in  Table  1  are  plotted  in 
and  42  for  photon  energies  between  8  and  10.2  eV. 


T  \  J  £S  )  1 . }  ni  _ 

^  V-'  V  Li  5.i  : :  4 

Figs.  4i 
The  energy 


shift  in  going  from  the  solid  into  the  vacuum  is  now  estimated 
to  be  E-E^  =  5.8  eV.  Peaks  appear  in  these  curves  v/hich  satisfy 
the  relations 


E^  =  0.9  eV 


E  =  6.7  eV 

and 

Ey.  =  2.4  eV 
E  =  8.2  eV 


(6la) 


I  (6lb) 


These  peaks  can  be  associated  with  the  peaks  in  the  conduction 
band  density  of  states  at  6.7±0.2  eV  and  8.2±0.2  eV.  The 
absolute  energies  of  the  peaks  were  assigned  by  comparing 
this  data  with  the  data  for  the  vacuum  cleaved  sample.  The 
electron  affinity  is  estimated  to  be  3 .810.4  eV.  The  long 
tall  of  low  energy  electrons  has  not  been  explained.  Most  of 
the  factors  which  contribute  to  lack  of  resolution  (Chapter  IIF3 
and  Ref.  32)  have  the  largest  effect  in  this  region  of  the 
energy  distribution  curve. 

For  photon  energies  above  10.2  eV  a  peak  appears  In 
the  energy  distribution  curves  which  satisfies  the  relations 
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FIG.  4l.  ENERGY  DISTRIBUTIONS  FROM  LOW 
VACUUM-CLEAVED  CdS .  (hv  8.0,  8.4, 
8.8,  and  9.2  eV.) 


FROM  LOW-VACUUM-CLRAVED  CdS . 
(hv  =  9.4,  9.8,  and  10.2  eV. 1 


E  =  hv  -  1 . 2  eV 


as  shown  by  the  arrows  in  Pigs.  43  and  44.  This  peak  can  be 
associated  with  the  valence  band  peak  located  1,?+C.2  eV  below 
the  top  of  the  valence  band.  The  amplitude  of  this  peak 
diminishes  gradually/  at  higher  photon  energies  up  to  14.2  eV 
as  a  result  of  scattering  and  a  decrease  in  the  conduction 
band  density  of  states. 

The  LVC  energy  distribution  at  21.2  eV  is  shown  in 
Fig.  45.  A  peak  appears  in  this  curve  at  an  energy  =  6.0  eV. 
On  the  basis  of  reflection  [Ref.  7}  and  other  photoemission 
data,  this  peak  is  believed  to  be  associated  with  the  valence 
band.  If  so,  it  must  satisfy  the  relation 

Ev,  ==  hv  -  15-2  eV 

j-  (63) 

E  -  hv  -  9.4  eV 

to  be  consistent  with  the  other  LVC  data;  it  must,  therefore, 
be  located  -9.4  eV  below  the  top  of  the  valence  band.  It  is 
not  possible  to  follow  the  movement  of  this  peak  over  a  wide 
range  of  photon  energies  to  confirm  its  origin  in  the  valence 
band.  However,  the  following  evidence  Indicates  that  the  peak 
is  probably  associated  with  the  valence  band.  The  valence 
band  peak  at  E  =  -1.2  eV  is  excited  to  the  same  final  energy/ 
level  (E-w  =  6.0  eV)  at  a  photon  energy  of  13-0  eV,  and  the 
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correspording  energy  distribution  Is  plotted  In  Fig.  45  for 
comparison.  From  this  it  can  be  seen  that  a  peak  appearing 
at  this  final  energy  is  not  completely  obscured  by  scattering. 
Figure  44  also  indicates  that  ther  is  no  marked  rise  in 
excitations  as  the  valence  band  peak  E  =  -1.2  eV  sweeps 
through  the  electron  energy  -  6.0  eV,  indlcatlrig  that 
there  is  no  peak  in  the  conduction  band  density  of  states  at 

this  energy  level. 

f 

I 

j  Further  evidence  that  the  peak  is  in  fact  associated 

with  a  maximum  in  the  valence  band  appears  in  the  LVC  enersiv 
distribution  at  l6.8  eV  shown  in  Pig.  46.  From  Eq.  (63)  for 
hv  =  16.8  eV,  the  peak  must  appear  at  =  1.6  eV  as  indicated 
j  by  the  arrow  labeled  VB  (-9.4)  in  Pig.  46.  This  energy  lies 

j  between  the  peaks  located  by  Eqs .  (60)  and  (61)  at  =  0.9 

and  2.4  eV.  Reference  to  the  energy  distribution  curves  in 
Figs.  43-46  Indicates  that  the  ratio  of  the  lower  energy 
peak  to  the  higher  energy  peak  increases  for  photon  energies 
from  12  to  14.2  eV,  Extrapolating  to  16.8  eV,  the  ratio 
s.hould  be  about  2  to  1.  At  hv  =  21.2  eV  (Fig.  45)  the  ratio 
Increases  to  2.5  to  1.  In  Fig.  46  the  peak  at  E^,  =2.4  ev 
!  l.ndicated  by  t.he  arrow  labeled  GB  (8.2)  has  essentially  dis¬ 

appeared  as  compared  with  its  strength  in  the  14.8  eV  curve. 
Instead,  a  shoulder  appears  in  the  curve  between  =  I.5  and 
2.0  eV.  This  shoulder  is  believed  to  be  caused  by  excitation 
from  the  maximum  in  the  valence  band  located  at  E  =  -9,4  eV. 

If  che  excitation  from  the  valence  bard  were  rot  preserve  for 
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FIG.  45.  FNERGY  DISTRIBUTIONS  FROM  LOW-YACUUM- 
CLEAVED  CdS.  (hv  =  13.0  ana  D1.2  eV.) 


FROM  L0V/-VACUUM-CTJ:AVED  CdS. 
(hv  14.2  and  16.8  eV.) 
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hv  =  l6.8  eV,  the  estimated  energy  disLrlbutlon  would  be  as 
shown  by  the  dotted  line.  T'nis  estimate  is  qualitative  and 
is  intended  to  show  the  basis  of  the  argument. 

A  peak  in  yield  near  hv  =  l6.8  eV  (see  Sec.  G)  provides 
further  evidence  of  coupling  between  maxima  in  the  conduction 
and  valence  bands.  However,  this  rise  in  yield  could  also  be 
attributed  to  secondary  emission. 

5*  CdS  Sealed  Tubes  (T) 

Previously  reported  pnotoemission  measurements  [Ref.  57] 
used  to  determine  the  band  structure  of  CdS  were  made  on  samples 
mounted  in  sealed  phototubes.  The  results  agree  substantially 
with  the  results  reported  here.  Minor  differences  appear  in 
the  absolute  energy  level  of  peaks.  The  curves  differ  in  shape 
from  the  equivalent  VC  and  LVC  curves  as  a  result  of  the  change 
in  electron  affinity  and  a  difference  in  impurity  scattering 
(see  Chapter  V).  Some  of  the  energy  distributions  are  shown 
in  Pig.  47a  and  47b. 

6.  Alr~Cleaved  (AC)  CdS 

Detailed  information  about  band  structure  was  not 
obtained  from  the  results  of  pnotoemission  measurements  on 
air  cleaved  CdS  tested  in  low  vacuum.  The  distortion  in  the 
energy  distribution  curves  which  obscured  details  is  attributed 
primarily  to  impurity  scattering.  Band  bending  may  be  a  con¬ 
tributing  factor,  although  its  effects  are  expected  to  be 
small  due  to  the  small  optical  absorption  length.  The  results 
of  these  measurements  are  included  in  Chapter  V. 
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PIG.  47.  ENEHGY  DISTRIBUTIONS  PROM 
THE  CdS  PHOTOTfJBE. 
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THE  MEASURED  BAND  STRUCTURE  OF  CdS  COMPARED  WITH 

REPISCTION  DATA 

Although  the  absolute  energy  of  ma::ima  in  the  conduction 
and  valence  band  aensities  of  states  of  CdS  can  be  determined 
trom  photoemission  measurements,  excitation  to  energy  levels 
lying  below  the  vacuum  level  cannot  be  measured  directly. 
Reflection  or  optical  absorption  data  can  be  used  to  determliie 
bhe  separation  between  coupled  energy  levels.  Coupling  to 
energy  levels  below  the  vacuum  level  can  be  directly  observed 
only  in  reflection  or  absorption  since  the  excited  electrons 
cannot  excape  into  vacuum.  By  comparing  both  types  of  data, 
a  general  understanding  of  the  band  structure  can  be  obtained. 

Optical  conductivity  is  related  to  absorption  by  the 
expression 


O  =  CD€^t)k 


(64) 


in  which  m/2Tr  is  the  frequency  of  the  incident  radiation,  t) 
is  the  real  part  of  the  index  of  refraction  and  k  = 
represents  the  absorption.  The  reflection  is  related  to  t) 
and  k  by  the  relation 


2  2 

R  =  n_+k^-i 
-  2  2 


(65) 


From  Eq.  (64)  it  can  be  seen  that  a  peak  in  conductivity 
causes  a  peak  in  absorption  through  k.  A  peak  in  k  has  a 
larger  effect  on  the  numerator  than  on  the  denominator  of 
Eq.  (o5).  Therefore,  a  peak  in  absorption  will  cause  a  peak 
in  rei lection  in  the  first  order  approximation.  In  the  range 
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and  k  have  values  of 


of  photon  energies  of  Interest  toth 
the  order  of  unity.  The  Kramers -KrCnig  analysis  can  be  used 
to  determine  tj  and  k  from  reflection  data  if  they  are  known 
over  a  wide  range  of  photon  energies. 

Figure  48  shows  the  energy  levels  of  maxima  in  the 
density  of  states  (solid  lines)  determined  directly  from 
photoemlssion  measurements  on  vacuum  cleaved  CdS .  Peaks  in 
the  reflection  should  occur  when  hv  is  equal  to  the  energy 
difference  between  density  of  states  maxima  and  the  valence 
and  conduction  bands.  On  this  basis,  peaks  in  reflection  at 
7.9  and  9.4  eV  have  been  predicted.  Figure  49  shows  reflec¬ 
tion  data  of  Walker  and  Osantowskl  [Ref.  7]  and  of  Cardona 
[Ref.  5].  Arrows  indicate  the  energy  levels  at  which  these 
peaks  were  predicted  from  the  photoemission  data.  The 
combined  use  of  photoemlssion  and  reflection  data  makes  it 
possible  to  establish  the  absolute  energy  level  of  additional 
structure  in  the  density  of  states.  The  peak  in  reflection 
at  5.6  eV  is  associated  with  transitions  from  the  valence  band 
at  -1.2  eV.  The  corresponding  conduction  band  state  is  at 
4.4  eV.  The  three  peaks  in  reflection  at  high  photon  energies 
are  separated  In  energy  by  about  the  same  amount  as  the  three 
peaks  at  lower  photon  energies.  This  can  be  explained  in 
terms  of  a  second  maximum  in  the  valence  band  density  of 
states  locate*  at  -9.4  eV  with  respect  to  the  top  of  the 
valence  bana.  These  peaks  are  shown  by  dotted  lines  In  Fig.  48. 

Comprehensive  photoemisslon  data  on  CdS  establish  the 
density  of  states  as  follows.  Valence  band  peaks  are  located 
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FIG.  48.  ENERGY  LEVELS  OF  MAXIMA 
IN  THE  CdS  DENSITY  OF  STATES. 


FIG.  49.  REFLECTION  AS  A  FUNCTION  0?  PHOTON 
ENERGY  (WALKER  AND  OSANTOWSKI).  The 
arrows  indicate  peaks  in  reflection 
predicted  using  the  results  of  photo- 
emission  measurements. 
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at  -1.2  and  -9.4  eV  referred  to  the  valence  band  maxlmu'^. 
Conduction  band  peaks  are  located  at  6.7  and  8.2  eV  referred 
to  the  same  level.  The  location  of  the  conduction  band  peak 
at  4.4  eV  is  established  using  both  photoemlsslon  and  reflec¬ 
tion  data.  As  will  be  shown  later,  additional  evidence  for 
the  location  and  strength  of  this  peak  can  be  obtained  from 
the  yield  curve  and  from  consideration  of  scattering  of 
energetic  electrons.  The  six  peaks  predicted  using  photo- 
emission  and  reflection  data  are  indicated  by  arrows  in  Pig.  49. 

D.  THE  CALCULATED  BAUD  STRUCTURE  OF  CdS 

The  band  structures  of  CdS  and  2nS  have  been  calculated 

by  Kerman  and  Skillman  [Ref.  14]  who  used  an  OPW  method 

without  considering  spin-orbit  splitting.  The  results  for 

ZnS  are  shown  in  Fig.  50.  (The  CdS  results  were  very  similar 

so  that  they  were  not  published  [Ref.  53].)  Even  though  these 

band  structure  calculations  were  preliminary,  considerable 

reliance  can  be  placed  on  general  features .  The  calculations 

Indicated  three  flat  bands  which  were  located  approximately 

2,  6,  and  10  e7  above  the  conduction  band  minimum^  and  narrow 

valence  bands  with  a  maximum  density  of  states  occurring  about 

2  and  8  eV  below  the  valence  band  edge.  The  features  of  the 

/ 

band  structure  found  in  this  work  are  in  general  agreement 
with  the  calculated  band  structure. 

E.  DETAIIE  OF  THE  DENSITY  OF  STATES  OF  CdS 

The  density  of  states  of  CdS  has  been  determined  by  using 
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the  methods  of  Chapter  HID,  and  by  assuming  that  direct 
conservation  of  k  vector  is  not  an  iniportant  selection  rule* 
Because  of  the  assumptions,  the  results  should  only  be  con¬ 
sidered  as  a  first  approximation  to  the  actual  density  of 
states.  The  method  does  not  explicitly  include  the  effects 
of  inelastic  scattering,  loss  of  resolution  or  of  direct 
transitions,  it  may  be  possible  to  detect  these  phenomena 
as  a  result  of  inconsistencies  in  the  density  of  states  derived 
from  different  portions  of  the  data. 

The  best  evidence  concerning  the  magnitudes  of  the  densities 
of  states  is  obtained  from  the  results  on  high-vacuum-cleaved 
CdS.  The  energy  distribution  curves  (VC)  were  measured  at 
photon  energy  intervals  of  0.2  eV.  The  method  described  In 
Eqs.  (30) and  (31)  has  been  used  to  determine  the  conduction 
band  density  of  states  with  the  threshold  function  Included, 
and  the  valence  band  density  of  states.  The  unknown  ratio 
^'5'  (31)  is  determined  by  normalizing  the  energy 
distributions  to  yield,  and  so  depends  on  the  uncertainty  in 
yield.  The  ratio  has  a  value  close  to  one.  Since  it  is  a 
multiplying  factor  for  the  ratio  of  state  densities  separated 
by  energy  AE,  the  ratio  of  state  densities  separated  by  nAE 
will  include  the  factor  (i^/K^)^.  Only  one  conduction  band 
peak  can  be  observed  directly  in  the  VC  curves.  Two  conduc¬ 
tion  band  peaks  can  be  seen  in  the  LVC  curves  and  their  rela¬ 
tive  amplitudes  can  be  estimated  from  this  data  since  scattering 
does  not  appear  oO  be  Important  in  the  range  of  final  energies 

$ 
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THE  CALCULATED  BAND  STRUCTURE  OF  ZnS  (HERMAN  AND  SKILLMAN) 
culated  Land  structure  of  CdS  is  very  similar. 


The  details  of  the  con- 


at  which  they  appear  (to  E  =  9  • 

ductlon  band  peak  located  below  the  vacuum  level  are  deter¬ 
mined  indirectly  from  yield  and  op:dc8l  conductivity.  The 
density  of  states  derived  for  CdS  is  shown  in  Fig.  51- 

The  maxima  in  the  density  of  states  used  to  calculate 
yield  arid  optical  conductivity  might  he  expected  to  be 
sharper  than  those  calculated  directly  from  the  energy  dis¬ 
tributions.  The  broadening  of  peaks  in  the  energy  distribu¬ 
tion  can  be  caused  by  several  factors.  Optical  or  acoustica] 
phonon  scattering  can  cont.’^lbute  [Refs.  42  and  59j-  As  shown 
in  Chapter  IIIE,  band  bending  can  cause  broadening  of  structure. 
A  small  amount  of  broadening  estimated  to  be  between  0.1  and 
0.2  eV  is  caused  by  resolution  of  the  measurements.  The 
resolution  Is  determined  by  the  bandwidth  of  the  incident 
photon  radiation,  by  the  .*mplitude  of  the  electrical  signals 
used  for  measuring  the  energy  distribution  and  by  the  details 
of  the  collector  system.  The  sharpened  density  of  states  used 
to  calculate  all  of  the  properties  except  the  energy  distribu¬ 
tions  is  also  shown  in  Fig.  51.  The  peaks  appear  at  the  same 
location  as  before  but  with  different  amplftudes.  To  first 
order,  the  area  under  the  two  density  of  states  curves  has  been 
held  constant. 

Equation  (32)  and  its  equivalent  for  the  conduction  band 
have  been  used  to  check  the  consistency  of  the  assumption 
of  nondirect  transitions  by  determining  the  shape  of  the 
valence  band  peak  at  -1.2  eV  and  of  the  conduction  bard  peak 
at  ±6.2  eV  as  th'=  photon  energy  is  changed.  Tne  criterion 
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for  c  insistency  is  that  the  ratios  should  be  constant  for  all 
photon  energies.  The  ratios  are  plotted  In  Pig.  52a.  The 

p 

ratios  of  the  form  N  N  /Isf  ”  have  been  plotted  versus  p.hoton 

^1  ‘3  2 

energy  for  the  8.2  eV  conduction  band  peak.  For  photon  ener¬ 
gies  from  8.5  to  9.7  eV,  the  ratio  has  a  nearly  constant  value 
of  about  0.77.  Above  7.Q  eV  it  rises  to  about  0.85  indicating 
approximately  a  50^  broadening  of  the  peak.  Tiie  ratio  then 
drops  back  to  around  0.8  at  11.5  eV.  The  ratio  N  N  M  “ 

y-i 

has  also  been  plotted  in  Fig.  52b  for  the  valence  band  peak 
at  -1.2  eV,  using  energy  distributions  separated  by  0.2  eV 
and  by  0.4  eV.  The  0.2  eV  ratios  are  close  to  1.0  indicating 
a  wide  peak.  The  0.4  eV  ratios  start  at  about  0.75  and.  drop 
to  about  0.65  ai-  high  photon  energies.  This  indicates  a 
moderate  decrease  in  peak  width  for  higher  photon  energies. 

Some  of  the  fluctuations  in  the  curves  can  be  attributed  to 
the  change  in  background  due  to  Inelastic  scattering.  Changing 
matrix  elements  or  direct  transitions  could  a^s-o  be  rtsponslble 
for  some  of  the  fluctuations. 

F.  OPTICAL  CONDUCTIVIIY  (ax^)  OF  CdS 

The  optical  conductivity  of  Cd.S  has  been  calculated 

by  assuming  constant  matrix  elements  Independent  of  Initial 

and  final  electron  energy.  Equation  (20)  can  then  be  Integrated 

over  energy  E.  The  procedure  is  illustrated  graphically  in 

Fig.  53-  The  valence  band  density  of  states  func^-ion  is  shifted 

with  respect  to  the  conduction  band  function  by  an  energy  equal 

to  the  photon  energy.  The  area  under  the  curve  N  N  divided 

c  V 
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"  by  the  photon  energy  is  proportional  to  the  optical  conductivity 

in  this  approximation.  The  optical  conductivity  alculated  from 
the  derived  and  from  the  sharpened  density  of  states  is  compared 
in  Pig.  54  with  the  conductivity  calculated  by  Walker  and 
Osantowski  from  reflection  data. 

The  general  agreement  between  the  optical  conductivities 
I  indicates  the  correctness  of  the  gross  features  of  the  density 

I  of  states  function  determined  from  photoemission  data  and  of 

i  bhe  assumption  of  nondlrect  transitions  and  constant  matrix 

If 

I  elements.  Further  agreement  is  obtained  in  the  comparison  of 

I  measured  and  calculated  yield  and  energy  distribution  curves  in 

1 

i  the  following  sections. 

i 

I 

i 

G.  THE  QUANTUM  YIEID 
1.  Measured  Yield 

The  quantum  yield  for  high-vacuum-cleaved  CdS  is  plotted 
as  a  function  of  photon  energy  in  Fig.  55.  The  upper  yield 
curve  is  corrected  for  LIF  transmission  and  for  reflection. 

A  yield  curve  for  the  low-vacuum-cleaved  (LYC)  CdS  is  shown 
In  Fig.  56.  The  calculated  curve  shown  in  Pig.  56  is  discussed 
later.  Yield  curves  for  the  other  types  of  surfaces  are  pre¬ 
sented  in  Chapter  V,  The  yield  rises  exponentially  In  the 
threshold  region  to  a  quantum  efficiency  of  approximately  0.1 
electrons/^hoton .  For  larger  hv ^  the  yield  Increases  very 
slowly,  reaching  a  broad  maximum  around  12.0  eV.  At  13  eV 
the  yield  drops  rapidly  reaching  a  minimum  at  about  15  eV. 

At  16.8  eV  the  yield  has  increased  to  a  value  of  about 
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FIG.  GCM* ARISON  OF  THE  MEASURED  AND  THE 

CALCULATED  r^TICAL  CONDUCTIVITY  (£oe2)  OF 
CdS.  The  solid  curve  1b  calculated  from 
the  sharpened  density  of  states. 
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0.5  electrons/photon.  At  21.2  eY  the  yield  is  somewhat 
smaller. 

Some  of  the  details  of  the  yield  curves  can  be  inter¬ 
preted  by  the  use  of  Eq.  (lA)  in  which  the  term  [1  +  l/aL]‘^ 
is  assumed  to  be  constant.  From  Eq.  {20}  the  absorption 
above  and  balow  the  vacuum  level  is  given  by 


hv 


*a 


a»  (E)d 


and 


A 

a»(E}dE 


respectively.  If  reflection  Is  neglected  and  a  step  threshold 
function  is  assumed,  the  quantum  yield  is  given  approximately 


by 


a„+ai. 


(66) 


as  shown  by  Spicer  [Refs.  42,  59,  and  60].  The  Inflection  in 
the  yield  curves  at  about  7*9  and  9*4  eV  can  be  understood  by 
reference  to  Eq.  (58).  The  texmi  becomes  large  at  photon 
energies  which  produce  coupling  between  a  high  density  of 
initial  states  and  a  high  density  of  final  states  above  the 
vacuum  level.  That  this  coupling  occurs  near  7.9  and  9,4  eV 
will  be  shown  in  Sec.  02.  Since  this  term  is  a  larger  fraction 
of  the  numerator  than  of  the  denominator,  it  will  tend  to 
cause  a  peak  in  yield.  The  Inflection  at  8,5  e¥  is  not  under¬ 
stood.  The  prominence  of  this  peak  depends  on  the  hlsto^  of 
the  surface. 

The  structure  in  the  yield  curve  of  Fig.  56  at  photon 
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energies  'beyond  the  cutoff  of  LlF  (11.6  ev)  can  be  attributed 
to  two  different  effects.  The  dip  in  the  curves  starting  at 
about  13  ©t  is  caused  prlinarlly  hy  the  strong  absorption 
between  a  deep  valence  band  peak  (-9.4  e¥)  and  a  final  conduc=- 
tlon  band  state  below  the  vacuum  level.  This  absorption  causes 
the  term  In  the  denominator  of  (58)  to  Increase  and 
produce  a  corresponding  decrease  in  leld.  Electron  scattering 
Is  also  Important  at  these  photon  energies  and  can  contribute 
to  the  reduction  in  yield.  The  maximum  in  yield  which  occurs 
near  16,S  eV  is  attributed  to  the  strong  absorption  to  final 
spates  above  the  vacuum  level  due  to  coupling  from  the  -9.4  eV 
valence  band  peak  (an  increase  in  ct^).  The  escape  of  secondary 
electrons  resulting  from  pair  production  also  contributes  to 
the  yield  in  this  region. 

The  electron  affinity  of  CdS  is  found  to  be  4.8  ±0.3  eV 
for  iow-vacuuffl-cleaved  (LVC)  sas^les.  The  electron  affinity 
for  the  low-vacuum-cleaved  sample  is  difficult  to  determine 
because  a  portion  of  the  yield  in  the  threshold  region  may 
occur  from  occupied  surface  states  above  the  valence  band 
Scheer  and  van  toar  [Ref.  45]  and  Spicer  [Ref.  55]  have  dis¬ 
cussed  the  effect  of  surface  states  In  detail. 

All  of  the  yield  curves  which  were  measured  show 
exponential  dependence  in  the  threshold  region,  Redfieid 
[Ref.  bl ]  and  Dext*er  [Ref.  62 j  have  discussed  reasons  for 
the  exponential  dependence  of  the  absorption  edge.  This 
could  contribute  to  the  exponential  dependence  of  the  quantum 
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yield  r4ear  the  threshold  In  photoemission  from  CdS.  Band 
bending  m.ay  also  produce  exponential  dependence  as  can  be 
seen  from  the  bending  distribution  functions  in  Eqs,  (43)  and 

(h8)  . 

The  shape  of  the  calculated  yield  curve  in  the  threshold 
region  depends  primarily  on  the  shape  of  the  valence  band 
density  of  states  near  the  band  edge  and  on  the  threshold 
function.  A  wide  range  of  power  law  curves  or  an  exponential 
yield  curve  can  be  predicted  theoretically  depending  on  the 
assumptions  made  [Refs.  42,  60,  and  53].  The  conduction  band 
will  have  a  smaller  effect  on  the  yield  curve  near  the  threshold 
unless  the  threshold  occurs  near  strong  structure  in  the  con¬ 
duction  band  density  of  states. 

2 .  Calculated  Yield  Curves 

The  yield  is  calculated  by  the  use  of  Eq.  (14)  with 
the  assumption  that  inelastically  scattered  electrons  are  lost 
from  the  energy  distribution.  For  the  calculations  in  this 
section  the  term  [l  +  l/a(hv)L(E)]  Is  assumed  to  be  a  constant 
independent  of  E  and  hv .  The  reflection  is  neglected  since 
the  measured  yield  curves  have  been  corrected  for  reflect! cm. 
Calculations  are  made  either  with  a  step  threshold  function 
or  with  the  threshold  function  given  by  Eq.  (22).  The  ener^ 
associated  with  the  critical  momentum  in  Eq.  (22)  is  arbitrarily 
assumed  to  be  0  8  eV.  This  low  value  is  chosen  because  photo- 
emission  near  the  threshold  is  expected  to  occur  from  relatively 
narrow  bands  as  can  be  seen  from  the  band  structure  diagram 


! 
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iO  Pig,  50,  In  addltlc^,  the  effects  of  elastic  Bcatterlng 
may  make  the  threshold,  function  rise  more  rapidly  than  pre¬ 
dicted  by  the  Fowler  theory.  The  method  of  calculating  yield 
J.S  Illustrated  in  Fig.  53*  The  absolute  yield  per  absorbed 
photon  is  obtained  under  the  above  assumptions  by  dividing 
the  area  under  the  curve  by  the  area  under  the  curve. 

The  calculated  yield  is  plotted  in  Pig.  57  for  comparl- 
scn  with  the  VC  curve.  Both  types  of  threshold  function  and 
both  the  derived  and  sharpened  dens'^tles  of  states  have  been 
used.  The  corresponding  curves  for  and  are  shown  1« 

a  D 

Figs.  58a  and  58b  for  the  derived  and  for  the  sharpened  density 
of  states,  respectively.  The  step  threshold  function  gives 
the  best  approximation  to  the  shape  of  the  yield  curve.  The 
resulting  absolute  yield,  however,  is  too  large  by  a  factor 
of  2  at  high  photon  energies.  The  assumed  Fowler  type  threshold 
function  gives  the  correct  yield  at  high  photon  e.iergies  but 
gives  too  low  r.  yield  in  the  threshold  region.  The  structure 
at  about  7*9  ahd  9.^  eV  is  somewhat  more  apparent  for  the 
shai^pened  density  of  states. 

An  estimate  of  the  attenuation  length  L(E)  can  be  made 
from  the  above  calculations  by  using  the  absorptlo’'  length 
obtained  from  reflection  data  [Hef.  7]  shown  in  Fig.  59.  in 
the  worst  case,  for  an  absorption  length  of  100  t,  an  attenu¬ 
ation  length  of  100  8  would  be  required  to  compensate  for  the 
approximate  factor  of  2  discrepency  between  the  yield  calculated 
with  a  step  threshold  and  the  measured  yield.  If  the  threshold 
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a.  Prom  the  derived 
density  of  states 


b .  From  the  sharpened 
density  of  states 


FIG.  58.  CAK)ULATPD  ABSORPTION  ABOVE  AND  BELOW  ^PHE 
VACUUM  LEVEL, 


FIG.^  59.  THE  A^ORPTION  LENGTH 
l/a  IN  CdS  AS  A  FUNCTION  OP 
PHOTON  ENERGY.  (Prom  reflec¬ 
tion  data  of  Walker  and 
Osantowski , ) 
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function  reduces  the  yield  by  an  addtlonal  factor  of  2  over 
the  step  threshold  function,  then  the  required  value  of  L(E^ 
would  be  large  compared  to  an  absorption  length. 

The  calculated  relative  quantum  yield  out  to  21.2  e¥ 
is  shown  in  Pig.  56.  The  absolute  value  has  been  adjusted  for 
easy  visual  comparison.  Prom  this  curve  It  can  be  seen  that 
optical  excitation  to  final  quantum  states  above  the  vacuum 
level  decreases  above  photon  energies  of  hv  =  13  eV  and  in¬ 
creases  near  hv  16.8  eV  in  qualitative  igreement  with  the 
measured  yield  curves.  The  sma'l  hump  in  the  calculated 
curve  at  hv  -  15  eV  is  cause’  by  a  corresponding  dip  in 
This  is  not  present  If  the  derived  density  c  states  Is  used. 
This  calculation  does  not  include  the  effects  of  inelastic 
scattering  or  pair  production  which  are  important  factors 
in  this  range  of  photon  energies.  The  apparent  disagreement 
may  be  due  to  this  exclusion.  Since  only  two  widf ly  spaced, 
measured  values  of  yield  are  available  above  hv  =s  lh.2  eV, 
only  a  qualitative  comparison  can  be  made  between  the  calcu¬ 
lated  and  the  measured  curve  in  this  range. 

The  general  agreement  between  the  calculated  and  the 
measured  yield  combined  with  the  agreement  in  calculated  and 
measured  conductivity  in  Sec.  F  indicates  that  the  calculated 
density  of  states  represents  a  good  first  approximation. 

Since  the  detailed  nature  of  the  threshold  function  is  not 
known,  considerable  uncertainty  is  introduced  into  the  calcu¬ 
lations.  The  lack  of  detailed  consideration  of  inelastic 


scattering  in  the  calculated  yield  curve  Introduces  an  addi¬ 
tional  uncertainty  into  the  calculations. 


H.  THE  ENERGY  DISiRlBUTION  OF  PH0T(^M1TTED  EIZCTROf^ 

The  CdS  density  of  states  shown  in  Pig.  51  has  been  used 
to  calculate  the  e.nergy  distributions  at  9 A,  10.2,  10.8,  and 
11.4  eV.  The  results  for  both  the  derived  and  the  sharpened 
densities  of  states  are  compared  with  the  energy  distributions 


for  vacuum  cleaved  samples  in  Pig.  60.  It  is  not  surprising 
that  the  density  of  states  derived  from  one  pair  of 
distribution  curves  should  reproduce  the  energy  distributions 


i-rcm  which  it  wan  derived.  However,  the  requirement  that  the 
densiuy  of  states  so  derived  must  reproduce  energy  distribu¬ 
tions  of  the  correct  shape  at  all  other  photon  energies  is 


more  stringent.  The  strictest  requirement  is  that  the 


under  the  calculated  energy  distribution  curve  divided  by  the 
measured  yield  should  be  constant  at  all  photon  energies.  This 
is  equivalent  to  normalizing  the  measured  curves  to  yield 
assuming  a  is  constant.  The  good  agreement  over  a  wide  range 
of  photon  energies  supports  the  assumption  of  nondirect  transi¬ 
tions  and  Indicates  that  the  assumption  of  constant  matrix 


elements  is  a  good  approximation.  The  required  sharpening  of 
i/he  density  of  states  to  obtain  better  agreement  with  yield 
and  optical  conductl’'tty,  although  not  understood  In  detail, 
reasonable  since  all  of  the  effects  listed  in  Sec.  E  would 
tend  to  broaden  the  distributions. 
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I.  Tiffi  EPFECTB  OF  SCATTERING 

1 ,  General  Discussion  of  Effects 

Several  effect^^  of  scattering  by  pair  production  can 
be  seen  in  the  LVC  energy  distributions  (Pigs.  Al-46).  A 
peak  occurs  at  the  high  energy  end  of  the  distribution  due 
to  electrons  excited  from  the  valence  band  peak  at  E  ^  -1.2  e¥. 
This  peak  steadily  diminishes  in  size  for  Increasing  photon 
energy  due  to  Inelastic  scattering  of  electrons.  The  scat¬ 
tered  electrons  appear  at  lower  energy  levels  causing  a  large 
peak  in  the  energy  distribution  near  0.9  oV.  In  addition, 

a  shoulder  appears  In  the  enerr/  distributions  for  hv  l6.8 
and  21.2  eV.  This  shoulder  starts  to  rise  at  an  energy  about 
3.0  eV  below  that  of  the  most  energetic  electrons  regardless 
of  the  photon  energy.  It  reaches  a  plateau  at  about  6.0  eV 
below  the  maximum  electron  energy.  In  the  energy  distributions 
for  the  high -vacuum-cleaved  GdS,  the  notch  in  the  peak  asso¬ 
ciated  with  excitation  from  the  valence  band  for  photon  energies 
about  10.8  eV  may  be  caused  by  Inelastic  scattering,  although 
it  can  also  be  explained  by  a  dip  in  the  density  of  states 
at  E  ^  10.0  eV  or  by  a  direct  transition. 

In  the  following  paragraphs,  these  phenomena  are 
explained  on  a  qualitative  basis.  The  calculsticris  represent 
possible  explanations  of  the  relationship  between  the  density 
of  states  and  scattering  phenomena.  Both  the  loss  of  high 
energy  electrons  and  the  generation  of  lower  energy  electrons 
by  one  Inelastic  scattering  event  are  considered.  Multiple 
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sBcatteripg  is  certainly  present  but  is  not  considered  in 
detail  here. 


2.  The  Loss  of  High  Energy  Electrons  Due  to  Scattering 
The  loss  of  high  ener^  electrons  In  the  energy 
distribution  is  estimated  by  using  Eq.  (56)  given  by 

}  o(hv)L(E)J 

The  qualitative  effects  of  this  term  can  be  estimated  by 

making  some  approximation  on  L(E).  If  the  elastic  scattering 

mean  free  path  Ip  Is  assumed  to  be  independent  of  energy,  the 

attenuation  length  L(E)  can  be  determined  graphically  using 

the  Inelastic  scattering  mean  free  path  as  shown  in  Fig.  61. 

The  relation  between  L(e)  and  is  obtained  from  the  results 

of  the  ^'onte  Carlo  calculations  [Ref.  53]  or  age  theory  [Ref.  52j. 

A  typical  value  of  the  attenuation  length  I/Oq  is  indicated  in 

the  figure.  At  low  electron  energies  where  the  rela- 

e  p 

tion  between  L(E)  and  is  complicated.  However,  in  this 
energy  range  Eq.  (67)  will  have  an  almost  constant  value  near 
unity  independent  of  fluctuations  in  L(E).  At  energies  where 
L(E)  and  1/a  become  comparable,  it  may  be  assumed  that  L(E)  is 
almost  a  linear  function  of  1^.  If  the  scattering  is  based 
on  a  density  of  states  argument  assuming  constant  matrix 
elements,  nondirect  transitions  (see  Chapter  IIIP),and  constant 
electron  velocities,  then  Is  inversely  proportional  the 
integrated  scattering  probability  Fg(E*)  which  is  plotted  for 
CdS  in  Fig.  62.  Then  Eq.  (67)  reduces  to  a  form  similar  to 
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FIG.  6l.  GRAPHICAL  RELATIC»J  BETWEEN 
THE  ATTENUATION  lENQTH  L(E),  THE 
ELASTIC  SCATTERING  MEAN  FREE  PATH 
£p,  AND  THE  INELASTIC  SCATTERING 
MEAN  FREE  PATH  ig. 
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FIG.  62.  THE  INTEGRATED  SCATTERING  PROBABILITY 
FOR  CdS. 
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Sq.  (57): 


1  +  h 

aChv)J 


(68) 


in  which  is  a  constant  chosen  to  give  the  correct  value  of 

Ig  at  an  energy  where  it  is  known.  Even  though  the  constant 

is  not  known  for  CdS,  Eq,  (68)  can  still  be  used  to  quali« 

tatively  Indicate  the  effects  of  scattering.  Eq.  (68)  is 

plotted  in  Fig.  63  as  a  function  of  assuaing  that  is  a 

constant  and  that  a  is  a  parameter.  The  values  of  a  chosen 

are  1,  2,  4,  6,  and  l6  times  an  arbitrarily  chosen  reference 

value  given  by  As  a  decreases  the  correction  factor  dips 

to  a  value  much  smaller  than  unity  at  high  electron  energies. 

The  variation  of  a  as  a  function  of  photon  ener^  is  obtained 

from  Fig.  59.  Calculated  energy  distribution  curves  are  plotted 

in  Fig.  64a  for  a  photon  energy  of  11.0  eV  with  and  without 

the  effect  of  scattering  included.  The  curve  marked  l6a  in 

o 

Fig.  63  has  been  used.  At  11.6  eV,  o  has  decreased  roughly 

by  a  factor  of  2  so  that  the  curve  marked  8a  in  Pig.  6^ 

o  ^ 

must  be  used  to  correct  the  energy  distribution  for  scattering. 
The  results  are  shown  in  Fig.  64b.  The  increase  in  absorption 
length  has  caused  the  effects  of  scattering  to  be  more  apparent 
at  the  higher  photon  energy.  A  change  in  can  cause  a  similar 
effect  in  energy  distributions  taken  at  the  same  photon  energy 
on  two  differently  prepared  samples.  This  type  of  phenomenon 
is  discussed  in  more  detail  in  Chapter  V. 
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PIG.  63.  GRAPHICAL  ILLUSTRATION  OF  THE 
ATTENUATION  OP  HIGH  ENERGY  ELECTRONS 
DUE  TO  SCATTERING. 


FIG.  d4.  HYPOTHETICAL  ILLUSTRATION  OF  THE  EPP^^CT 
OF  VARIATIONS  IN  ABSORPTION  LENGTH  ON  THE 
CALCULATED  ENERGY  DISTRIBUTIONS. 


3-  The  Energy  Distribution  of  Once-Scattered  Eleotrons 
At  high  photon  energies,  scsttered  and  secondary  elec¬ 
trons  may  escape  from  the  solid  and  appear  In  the  energy  dis¬ 
tributions,  The  distribution  of  energies  of  these  electrons 
may  provide  useful  Inf orma felon  about  the  relationship  between 
the  band  structure  and  the  scattering  processes, 

A  qualitative  estimate  of  the  energy  distribution  of 
once -Swat tered  electrons  Is  made  here  using  the  theory  developed 
by  iacrb-^und  ([Refj  ^2]  and  Chapter  IIIF).  The  second  teiro  in 
the  brackets  of  Eq.  (55)  reproduced  here  as  Eq.  (69)  can  be 
used  to  calculate  an  estlfBated  ener^r  distribution  of  once- 
scattered  electrons  in  the  solid 


g(E) 


■I 


PsCSSE) 

-p  (gt)  a»(l»)dE» 


(69) 


several  approximations  can  be  made  in  Eq,  (69)  for  scattering 
calculations  in  CdS  at  photon  energies  of  16.8  and  21.2  e¥. 

1)  C^tj.cal  excitation  occurs  from  the  valence  band  peak  at 
^  "  “’*■ » t  to  final  conduction  band  energies  between  about 
19  and  21.2  eV  where  the  conduction  band  density  of  states 
is  nearly  constant.  Therefore,  a’ (E)  Is  proportional  to 

2)  Pg(E*)  Is  approximately  constant  over  the  same 
range  of  final  energies,  as  can  be  seen  in  Pig,  62.  3)  The 

conduction  band  density  of  states  N^(e)  Is  assumed  to  be 
constant  over  the  range  of  final  energies  E  to  which  electrons 
can  scatter  from  E*.  4)  Based  on  assumption  3)  and  the 
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assymptl^^n  of  scattering  due  to  nondlrect  transitions,  and 
constant  matrix  elements,  the  scattering  probability  in 
Eg.  (52)  is  proportional  to  (E» -E)g(E» -E)  [see  Eq.  (20)], 
Using  the  above  assumptions,  Eq.  (66)  can  be  written  as 

g(E)  .  jN^(E'-hv)J  N^(Eg)NjE^+E'-E)dE  r!.Et 
E  0 


or 


(70) 


hv 

g{E)  ..  f[N  (E»-h-  )](e 


•  -E) f  afE* -E^dE*  1 


Energy  distrlbutlor^  of  once-scattered  electrons 
calculated  using  Eq.  (70)  are  compared  in  Pig.  65  with  the 
measured  ener^r  distribution.  The  electron  energy  referred 
to  the  maximum  possible  energy  is  plotted  as  the  abscissa. 

A  shoulder  in  the  measured  curves  which  reaches  a  plateau 
near  -6.5  e¥  is  qualitatively  predicted  by  tdie  theory.  The 
number  of  electrons  losing  an  energy  just  larger  than  the 
band  gap  (arrow)  in  the  measured  curve  is  much  larger  than 
predicted  by  th.  theory.  Part  of  the  discrepancy  may  be 
caused  by  additional  energy  dependent  factors  in  the  matrix 

elements,  and  by  the  assumption  of  a  constant  final  density 
of  states. 

Other  evidence  appears  in  the  energy  distributions  to 
indicate  that  a  measurable  number  of  electrons  lose  an  amount 
oj  energ^^  Just  larger  than  the  band  gap.  This  can  be  seen  hir 
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PIG.  65.  MEASURED  ENERGY  DISTRIBUTIONS  AT  I6.8  AND 

^  COMPARED  WITH  THE  CALCULAIED  ENERGY  DISTRIBU¬ 
TION  OP  ONCE-SCATIERED  ELECTRONS. 


comparing  the  ratio  of  the  magnitude  of  the  peak  at  -  0.9  eV 
to  that  of  the  peak  at  =  S.h  eV  in  the  LVC  energy  distribu¬ 
tions  (Pigs,  43-46).  This  ratio  is  plotted  in  Fig.  66.  The 
ratio  increases  for  increasing  photon  energies  up  to  hv  =  11.2  eV . 
Then  it  dips  through  a  rather  sharp  minimum  at  nv  =  12.2  eV. 

From  l4.0  eV,  it  rises  gradually  to  a  value  of  2.3  at  hv  =  21.2  eV . 
The  minimum  occurs  when  the  average  energy  of  the  excited  valence 
band  electrons  is  =  11.0  eV.  This  indicates  that  a  maximum 
in  the  energy  distribution  of  scattered  electrons  occurs  in 
this  photon  energy  range  for  an  energy  loss  of  about  2.8  eV. 

It  may  be  possible  to  deduce  information  about  the 
conduction  band  density  of  states  below  the  vacuum  level  using 
the  energy  distribution  of  once-scattered  electrons.  For 
example,  note  that  if  the  valence  band  peak  were  a  delta 
function,  the  energ'  distribution  of  once-scatterea  electrons 
under  the  above  assumptions  would  be  a  mirror  image  of  the 
conduction  band  density  of  states  as  shown  in  Fig.  67.  The 
high  density  of  states  at  the  top  of  the  valence  band  of  CdS 
roughly  approximates  the  delta  function. 

In  conclusion,  the  above  calculations  give  possible 
explanations  of  features  appearing  in  the  energy  distributions 
due  to  scattering.  The  failure  to  Include  multiply-r -attered 
electrons,  the  lack  of  knowledge  of  the  density  of  states  at 
high  energies,  and  the  assumptions  of  constant  matrix  elements 
contribute  to  the  lack  of  detailed  agreement. 
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EXCITATION  SCATTERED 


V.  EXPERIMENTAL  RESULTS  OP  PHOTOEMISSION  PROM  CdS 
INTERPRETED  IN  TERMS  OP  SURFACE  PROPER  I'lES 


A.  CONTROL  OF  SURFACE  CONDITI^IS 

Use  of  the  high  vacuum  test  chamber  and  cleaving  mechanism 
described  in  Chapter  II  has  made  It  possible  to  prepare  a 
fresh j  uncon tamlriated  GdS  suriace  lor  studv  bv  photoemissicn . 
iii©  resulting  VC  energy  distribution  and  quantum  vleld  measure¬ 
ments  provide  a  standard  of  photoemlsslon  from  the  clean  surface, 
ihe  high -vacuum-cleaved  ¥C  sample  can  be  exposed  Intentionally 
irfO  conurolred  gaseous  impurities  and  to  other  environmental 
factors  such  as  heat  and  optical  radiation.  Bv  this  method 
possible  to  study  tne  effect  of  surface  treatment  or 
pho uoemusslon  and  to  simulate  environmental  conditions  which 
are  present  when  CdS  surfaces  are  prepared  by  other  than  the 
Vo  method,  xhe  energy  distribution  curves  taken  after  exposure 
are  compared  with  those  from  the  VC  sample  to  study  surface 
effects  produced  by  the  exposure. 

The  principle  features  of  energy  alstributions  which  can 
be  compared  are  l)  the  energy  separation  between  peaks,  2)  the 
wl.di.h  of  peaKS ,  3)  the  relative  arnplltudes  of  peaks  or  the 
slope  of  the  curves  in  energy  ranges  where  there  are  no  peaks, 

4)  the  electron  affinity,  and  5)  the  absolute  energy  at 
which  important  features  appear.  In  the  following  sections 
these  features  of  the  energy  distributions  as  well  as  limited 
comparisons  of  the  quantum  yields  are  used  to  deduce  Informa¬ 
tion  about  the  effects  of  CdS  surface  hlatory  on  photoemlBslon 
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processes . 

B.  EFFECTS  OF  EXPOSURE  TO  AIR  -  SIMITLATION  OF  THE  SEAISD 

PHOTOTUBE 

En^3^gy  distribution  curves  taken  at  a  photon  energy  of 
10.8  &V  are  compared  in  Fig.  68  for  the  following  surfaces; 
hlgh-vacuum-cleaved  (VC)i  high-vacuum-cleaved  sample  exposed 
to  air  (VC-A);  hlgh-vacuum-cleaved  sample  e,-*  -osed  to  air  and 
baked  (vC-B);  air  cleaved  (AC);  and  surfaces  cleaved  in  air, 
mounted  in  the  phototube,  and  sealed  (T).  The  relative  energy 
scale  on  the  abscissa  was  established  by  aligning  the  high 
energy  end  of  the  energy  distribution  curves.  The  estimated 
error  In  this  process  is  ±0.2  eV.  The  purpose  of  this  set  of 
experiments  was  to  determine  the  effect  of  exposure  to  air 
on  pnotoemlssion  from  CdS  and  to  simulate  the  environmental 
conditions  present  during  the  preparation  of  the  sealed 
phototubes .  The  phototubes  provided  an  easy  means  of  making 
lnltia.1  measurements  on  CdS  prior  to  the  time  that  the  high 
vacuum  test  cbiamber  was  available.  They  are  of  interest  now 
primarily  for  the  study  of  surface  effects. 


The  VC  sample  was  prepared  and  tested  in  high  vacuum  by 
the  methods  described  in  Chapter  IIB3  and  Chapter  IlD.  The 
energy  distribution  of  the  VC  sample  exhibits  two  definite 
peaks  at  energies  of  ^1.65  and  -3  eV  on  the  energy  scale. 

The  larger  (high  energy)  peak  is  associated  with  excitation 
from  the  maximum  in  the  valence  band  density  of  states.  The 
smaller  (lew  energy)  peak  is  associated  with  excitation  to  a 
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maximum  In  the  conduct! oi  band  density  of  states,  ine  eaecL-rou 
affinity  of  the  vacuum  cleaved  sample  is  higher  tnan  lor  any 
of  the  other  samples . 

The  T  sample  was  prepared  and  tested  by  the  methods  des¬ 
cribed  in  Chapter  IIB3  and  Chapter  IIC.  The  CdS  surface  was 
prepared  by  cleaving  in  air.  Within  one  to  twelve  hours  after 
cleaving, the  sample  was  installed  in  a  glass  envelope  and  a 

_o 

roueh  pressure  of  10  ~  torr  was  established.  Approximately 

. .--8  ^ 

ten  hours  were  required  to  reduce  the  pressure  to  tne  ru  vorr 
range  using  an  oil-diffusion  pump  and  a  liquid  nitrogen  trap. 
During  this  time,  the  assembly  was  baked  at  l40^C.  The  assembly 
was  returned  to  room  temperature  when  the  pressure  stabilised 
and,  then,  the  tube  was  sealed  off.  The  energy  alstrlbutlun 
curve  from  this  surface  (marked  T)  has  peaks  at  the  same  energy 
levels  as  the  VC  energy  distributions.  The  high  energy  peak 
is  now  much  smaller  than  the  low  energ:/-  peak  in  contrast  with 
ti  3  VC  curve.  In  addition, both  peaks  are  much  broader  than 
before.  Additional  peaks  appear  at  relative  energies  of 
-3.9  and  -4.5  eV.  The  peak  at  -3-9  eV  is  associated  with  the 
conduction  band  and  is  peculiar  to  samples  which  have  been 
exposed  to  contamination.  It  is  strongest  for  the  T  samples. 
The  peak  at  -4.5  eV  results  from  the  exposure  of  the  sample  to 
ultraviolet  radiation  as  described  in  more  detail  in  a  later 
section.  The  electron  affinity  is  approximately  0,8  eV 
sm.aller  than  for  the  VC  sample  and  is  found  to  decrease  with 
ultraviolet  z'adiation.  Even  though  the  T  sample  was  cleavea 
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FIG.  68.  COMPARISON  OF  ENERGY  DISTRIBUTIONS  AT  hv  =  10.8  eV 
FROM  CdS  SURFACES  PREPARED  BY  DIFFERENT  METHOIS . 
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lii  air.  It  exhibited  many  features  characteristic  of  paoto- 
emlssion  from  VC  CdS . 

A  CdS  sample  AC  was  cleaved  in  air  and  tested  *n  low 
vacuum  in  attempt  to  extend  the  useiul  range  of  .measurements 
to  photon  energies  beyond  t.he  cutoff  of  LiF  at  11,8  eV.  It 
was  the.'i  mounted  in  a  wlndowless  metal  test  chamber.  The 
test  chamber  was  evacuated  and  then  connected  to  the  main 
chamber  of  the  vacuum  monochromator  w.lthlri  five  minutes  after 
the  sample  was  cleaved.  Due  to  the  hydrogen  arc,  the  main  chamber 
contained  principally  hydrogen.  The  pressure  was  maintained 
at  about  10  ’  torr  by  continuous  pumping  with  an  oil -diffusion 
pump.  The  AC  energy  distribution  is  considerably  different 
from  the  VC  energy  distrlbuclon .  The  high  energy  peak  asso¬ 
ciated  with  excitation  ficm  the  valence  band  has  completely 
disappeared.  The  low  energy  peak  appears  at  a  lower  energy 
level  than  before  and  is  very  broad.  The  apparent  electron 
affinity  Is  about  the  same  as  for  the  T  sample.  The  energy 
distribution  cannot  be  used  to  analyze  the  band  structure  of 


CdS. 


A  VC  sample  which  had  been  tested  was  subsequently  exposed 
to  air  for  the  Vu-A  measurements.  The  measurements  were  made 
to  determine  the  extent  to  which  the  environment  of  the  vacuum 
monochromator  affected  the  AC  measurements.  In  addition, 
the  sample  was  later  used  in  an  attempt  to  slm.ulate  the  pro¬ 
cessing  of  cne  T  samples .  Tne  VC-A  sample  was  exposed  to  air 
from  the  atmosphere  for  a  period  of  two  days.  Then,  the  test 
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i-hamber  wag  evacuated  to  a  pressure  of  about  10  ^  torr  and 
photoemlsslon  measurements  were  made.  The  VC-A  energy  dis~ 
L-ributlon  Is-  very  similar  to  the  AC  energy  distribution.  A 
uroad  low  eneigy  peak  appe.ars  at  a  slightly  different  energy 

level.  The  elect'*on  affinity/  is  about  the  same  as  for  the  T 
and  AC  samples . 

Simulation  of  ttr-  preparation  of  the  T  sample  was  accom- 
p.ilshed  by  baking  the  VC-A  sample  for  ten  hours  at  a  tempera- 
i-«re  of  140  u.  The  nigh  vacuumi  test  chamber  was  pumped 
contl Tuously .  The  VC-B  measuremients  were  made  after  the 
sample  had  cooled  to  room  temperature.  The  structure  observed 
in  Doth  tne  VC  and  the  T  samples  has  reappeared  with  approxi¬ 
mately  tne  same  strength  as  in  the  T  energy  distribution.  A 
new  peak  tnat  can  be  associated  with  conduction  band  structure 
has  appeared  near  -4.7  eV.  The  electron  affinity  is  smaller 
tnan  for  any  of  the  other  sam^ples .  This  suggests  that  the 
important  step  in  preparation  of  the  T  samples  is  the  low 
temperature  bake.  (A  higher  temperature  could  not  be  used 
because  of  the  contacts.)  The  yield  curves  for  VC,  AC,  and 
T  samples  are  compared  in  Pig.  69.  The  LVC  curve  is  discussed 
in  the  next  section.  The  yield  curve  rises  much  more  slowly 
for  the  AC  sample  but  reaches  approximately  the  same  final 
quantum  yieud  near  11. 5  eV.  Inflections  appear  in  the  thresh¬ 
old  region  of  the  curves  at  approximately  the  same  photon 
^ner^lv-.^ ,  Tlixs  suggess.s  that  tne  optical  excitation  is  not  a 
Strong  function  of  surface  history.  The  changes  in  threshold 
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ener^  are  in  approximate  agreemCiit  with  the  changes  In  electron 
afflnitleB  deduced  from  the  energy  distribution  curves. 

From  the  above  comparison  of  the  energy  distribution  and 


yield  curves,  it  car  be  concluded  that  the  bar; 


:t-ure  of 


CdS  remains  basically  unchanged  by  exposure  to  air.  other 

words,  the  conditions  for  optical  excitation  do  not  appear  to 
be  greatly  affected.  The  major  differences  Ir.  the  curves  are 
believed  to  result  from  changes  in  the  conditions  for  the 
escape  of  the  electrons  after  excitation  including  changes  in 
the  elastic  scattering  mean  free  path,  the  probability  for 
internal  reflection  of  the  electron  at  the  surface,  and  the 
electron  affinity. 

One  possible  mechanism  for  the  changing  escape  conditions 
Is  the  diffusion  of  gaseous  Impurities  into  the  CdS.  This 
diffusion  could  occur  since  the  CdS  lattice  is  sufficiently 
loosely  packed  so  that  atoms  the  size  of  oxygen  or  nitrogen 
could  be  present  and  diffuse  inters titially.  It  is  hypo¬ 
thesized  that  the  presence  of  interstitial  atoms  can  reduce 
the  scattering  mean  free  path  for  elastic  collisions.  As  a 
result  of  this  change,  the  attenuation  length  would  also  be 
reduced  as  can  be  seen  from  tne  results  of  age  theoi-y  or  the 
Honte  Carlo  calculations  (see  Chapter  II1C2),  This  phenomenon 
would  allow  peaks  in  the  energy  distribution  curves  to  appear 
at  the  .«ame  energy  level  due  ,  optical  excitation  and  would 
explain  tne  variation  in  the  peak  heights  ax;d  widths  on  the 
basis  of  scattering. 
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69.  COMPARISON  OP  ABSOLUTE  QUAN’. 
SURFACES  PREPARED  IN  DIFFERENT  V/AYS 
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attenuation  length  L(E)  can  be  St 
which  resulted  Tron  the  Monte  Carlo  calculations.  Qualltatlvel 
a  decrease  in  causes  an  increase  in  the  average  Integrated 
distance  traveled  by  an  electron  before  reaching  the  surface. 
This  increases  the  probability  that  an  Inelastic  ocatterlng 
event  will  occur  before  the  electron  reaches  the  surface.  If 
Fig.  29  is  used  In  conjunction  with  Pig.  6l  and  Eq.  (67),  the 
effect  of  the  changes  in  attenuation  length  on  an  energy  dis- 
trlbutlori  curve  can  be  seen.  For  the  uncon taminated  surface 


the  high  energy  peak  appears  in  an  energy  range  where  scat¬ 
tering  is  not  important,  or  where  it  is  just  starting  to  be 
important.  If  the  phonon  mean  free  path  decreases  after 


exposure,  the  effects  will  start  to  appear  at  the  high  elec¬ 
tron  energies,  causing  the  high  energy  peaks  to  be  attenuated 
more  than  the  low  energy  peaks. 

The  energy  gained  or  lost  in  an  elastic  scattering  event 
is  small  but  finite.  If  ma.ny  elastic  scattering  events  occur 
on  the  average  before  an  electron  reaches  the  surface,  peaks 
in  the  energy  distributions  will  be  broadened. 


The  change  in  electron  affinity  is  believed  to  be  the 
result  of  a  reaction  at  the  surface  (on  an  atomic  scale). 

One  possible  explanation  of  this  is  that  oxygen  atcm.s  might 
replace  the  sulfur  atoms  in  tiie  atomic  layer  Just  behind  the 
surface.  Since  the  oxygen  atom  is  smaller  and  more 
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electronegative  than  sulfur,  an  electric  dipole  could  be 
established  which  would  reduce  the  electron  affinity.  Water 
vapor  cannot  be  ruled  out  as  the  cause  of  the  change  in  electron 
affinity.  The  lowest  electron  affinity  occurred  for  the  LVC 
sample  discussed  In  the  next  section. 

G.  SURFACE  EFFECTS  ON  THE  LOW-VACUUM- CLEAVED  SAMPLE 

A  CdS  sample  has  been  cleaved  in  the  vacuum  of  the  vacuum 
monochromator  by  using  the  high  vacuum  test  chamber  with  the 
LiF  window  and  the  high  vacuum  pumping  equipment  removed. 

Energy  distributions  were  measured  within  two  to  three  minutes 
after  the  sample  was  cleaved.  The  LVC  energy  distribution  is 
compared  with  that  for  a  VC  sample  in  Fig.  70.  Peaks  appear 
in  the  LVC  energy  distribution  which  correspond  to  the  high 
and  low  energy  peaks  in  the  VC  energy  distribution.  An  addi¬ 
tional  peak  which  can  be  associated  with  conduction  band 
structure  appears  at  -4.5  eV  on  the  energy  scale.  The  peaks 
are  somewhat  broader  than  for  the  VC  sample.  The  relative 
heights  of  the  two  peaks  which  can  be  compared  lie  between 
those  for  the  VC  sample  and  those  for  the  T  sample.  The 
electron  affinity  is  lower  than  for  any  of  the  other  samples 
discussed  in  the  previous  section. 

The  LVC  yield  curve  is  compared  in  Fig.  69  with  the  curves 
discussed  in  the  previous  section.  It  exhibits  the  same 
general  features  except  that  the  yield  reaches  a  value  of  0.1 
electrons/photon  at  a  lower  photon  energy  due  to  the  reduction 
of  electron  affinity/.  An  inflection  appears  in  this  yield  curve 
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Flu.  70.  COMPARISON  OP  ENERGY  DISTRIBUTIONS  PROM  HIGH 
VACUUM-ODEAVSD  AND  LOW-VACUUM-CLEAVED  CdS  AT 
hv  =  10.8  eV. 
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at  approximately  the  same  photon  energy  as  In  the  other 
curves  near  hv  =  7.8  eV.  The  yielO  in  the  high  energy  region 
above  14.2  e¥  is  considerably  larger  than  for  the  AC  sample. 

From  these  comparisons  it  can  be  concluded  that  the  inter¬ 
pretation  of  the  LVC  curves  In  terms  of  band  structure  is 
basically  correct  provided  that  the  difference  in  scattering 
is  considered.  It  also  appears  that  the  surface  reaction 
wh.icn  occurs  In  air  tends  to  protect  the  surface  from  the 
larger  efiect  wnich  lowers  che  electron  affinity  of  the  low- 
vaeuum-clea\?ed  sample  as  compared  with  the  high -vacuum -cleaved 
sample . 


D.  SXPCBURE  OP  CdS  TO  Np  AMD  Op 

An  attempt  has  been  made  to  determine  the  constituents  of 
air  which  contribute  to  the  observed  changes  discussed  in 
Sec.  B.  A  CdS  sample  freshly  cleaved  in  high  vacuum  was 
subsequently  exposed  to  either  Ng  or  Og  obtained  from  one 
liter  Linde  pure  gas  flasks .  The  experimental  details  are 
discussed  In  Chapter  IlD.  The  forechamber  of  the  vacuum 
system  was  flushed  several  times  with  the  pure  gas  before  the 
gas  vias  admitted  to  the  main  test  chamber.  Ihe  sample  was 
exposed  to  the  gas  at  a  given  pressure  for  a  selected  period 
of  time.  Then  tne  test  chamber  wa,s  evacuated  and  measurements 
were  made . 

If  the  samples  were  exposed  to  pressures  of  the  order  of 
10  to  50  torr  for  about  thirty  minutes  before  making  the 
measurements,  only  a  small  change  appeared  in  the  energy 
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aigtrlbutlons.  The  relative  heights  of  peaks  changeci  and  a 
small  decrease  in  the  electron  affinity  was  observed.  The 


shift  in  electron  affinity  was  slightly  larger  for  Og  than  for 
Ng  and  was  of  the  order  of  0.2  to  0.4  eV  as  shown  in  Pig.  71, 
k  sample  which  was  exposed  to  oxygen  in  the  same  manner 
after  exposure  to  nitrogen  did  not  exhibit  as  large  a  shift 
-iii  electron  affinity,  klien  this  sample  was  exposed  later  to 
oxygen  at  a  pressure  of  50  torr  for  about  twelve  hours,  a 
noticeable  decrease  In  electror4  affinity  occurred.  Energy 
distributions  for  the  high  vacuum  cleaved  sample,  for  the  same 
sample  after  exposure  to  nitrogen, and  for  the  sample  after 
further  exposure  to  oxygen  are  shown  in  Pig.  72,  plotted  as 
a  i unction  of  the  electron  energy  corresponding  to  the 
applied  voltage.  Note  the  difference  in  the  collector  work 
function  resulting  from  exposure  to  the  gas. 


The  lesults  of  these  experiments  are  not  conclusive  since 
only  a  small  number  of  experiments  h  /e  been  done  and  since  thf 
experimental  conditions  have  not  been  exactly  duplicated  for 
uhe  two  gases.  This  Information  is  presented  to  indicate  the 
capability  of  observing  small  changes  in  surface  conditions  by 
using  photoemission  measurements. 


E.  THE  EFFECT  OP  ULTMVIOIET  RADIATION 

A  pronounced  decrease  or  electron  affinity  Induced  by 
exposure  to  ultraviolet  light  was  observed  in  the  CdS  samples 
mounted  in  a  sealed  phototube.  This  effect  is  Illustrated 
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in  Pig,  73.  The  photon  ener^  threshold  for  the  reaction  lies 
betmm  S  and  10  e¥.  A  sample  exposed  to  a  given  integrated 
photon  flux  at  about  8  eV  did  not  exhibit  the  effect.  However, 
exposure  to  the  same  integrated  photon  flux  at  10.2  &Y  did 
cause  the  shift  in  electron  affinity.  This  phenomenon  also 
appeared  but  was  much  weaker  In  some  of  the  samples  exposed 
to  Og  or  Mg.  The  cause  of  this  phenomenon  is  not  known. 

P.  COMGLUSIC^S  ABOUT  SURFACE  STUBIIS 

The  most  important  conclusions  which  can  be  dr®wn  from 
the  study  of  surface  effects  in  photoemission  from  CdS  are  the 
following: 

1.  Exposure  of  CdS  to  air.  Mg  or  Og  appears  to  have  no 
significant  effect  on  optical  excitation  processes 
but  has  a  large  effect  on  the  electron  escape  mecha¬ 
nisms  involved  in  photoemission. 

2.  Air  cleaved  CdS  can  be  moderately  heated  in  vacuum 
(l40  C)  to  improve  the  conditions  for  escape  of  high 
energy  electrons. 

3.  Long  exposure  of  high  vacuum  cleaved  CdS  to  ultraviolet 
radiation  causes  no  significant  changes  in  the  photo¬ 
emission,  The  same  exposure  in  the  sealed  tubes  causes 
a  noticeable  decrease  in  the  electron  affinity.  A  small 
effect  was  noted  after  exposure  in  the  presence  of  Op 
or  Np, 

VI.  CCg^CLUSICMS 

Pnctoemlssion  measurements  on  CdS  have  been  used  to 
determine  Important  features  of  the  band  structure.  Pour 
maxima  in  the  density  of  states  have  been  detected  directly 
in  photoeiaisslon  measurements.  Two  maxima  in  the  valence 
band  density  of  states  occur  at  -1.2±0.3  eV  and  at  -9.4±0.5  eV. 
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FIG.  73-  THE  EFFECT  (F  ULTHAVIOEET  RADIATION  ON  PHOTO- 
EMISSION  FRCM  A  SEALED  PHOTOTUBE  FOR  hv  ^  8  eV. 
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The  former  Is  probably  derived  principally  from  the  p-atomic 
levels  of  sulfurj  whereas,  the  latter  probet ^y  is  de-rivcd 
principally  from  the  d-atomic  levels  of  Cd.  Two  maxima  in 
the  conduction  band  density  of  states  are  located  at  6.7±0.3  eV 
and  at  8. 2+0.3  eV  above  the  top  of  the  valence  band. 

A  dip  in  the  quantum  yield  above  13  eV  and  the  energy 
distribution  of  scattered  electrons  at  riigher  photon  energies 
provide  indirect  evidence  for  the  location  of  a  third  raaxlmum 
In  the  conduction  band  density  of  states  at  4. 4+0. 5  eV  above 
the  top  of  the  valence  band.  This  maximum  has  been  more 
accurately  located  by  the  combined  use  of  reflection  and 
photoemission  data. 

The  sharp  structure  in  the  density  of  states  near  the 


top  of  the  valence  band  and  at  relatively  high  energy  levels 
in  the  conduction  band  compared  with  the  2.4  eV  band  gap  of 
Cd3  is  in  general  agreement  with  the  band  structure  calculated 
by  Herman  and  Skillman  [Ref.  14]  and  may  be  useful  in  adjust¬ 


ing  parameters  in  their  band  structure  calculations. 

Many  details  of  the  density  of  states  have  been  obtained 
from  the  photoemission  measurements  by  assuming  that  direct 
conservation  of  k  vector  1  not  important  and  that  the  matrix 


elements  for  optical  transitions  are  constant.  There  are  two 
probable  reasons  for  the  predominance  of  nondlrect  transitions. 
First,  the  flat  bands  occurrint;  in  the  calculated  band  struc¬ 
ture  Indicate  that  a  summation  of  a  large  number  of  Bloch 
states  is  required  to  represent  many  of  the  electronic  wave 
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functions.  From  this,  one  can  conclude  that  the  Bloch 
representation  may  not  he  the  best  represen  tat:?  on,  and, 
therefore,  that  the  k  vector  resulting  from  the  Bloch  repre¬ 
sentation  may  not  be  important  in  allowing  optical  transitions. 
Second,  the  crystal  potential  may  be  nonperiodic  as  a  result 
of  strong  electron -lattice  interactions  a.^aln  resulting  in  a 
breakdown  of  the  Bloch  model.  The  general  features  of  the 
band  structure  calculated  using  the  Bloch  model  still  seem 
to  be  In  general  agreement  with  the  experimentally  determined 
band  structure. 

First  order  agreement  is  obtained  between  optical  con¬ 
ductivity  calculated  from  the  derived  density  of  states  and 
that  determined  by  Walker  and  Osantowski  [Ref.  J]  from  reflec¬ 
tion  measurements .  This  provides  an  independent  check  on  the 
determination  of  band  structure  and  optical  selection  rules. 

The  yield  calculated  from  the  density  of  states  is  also  in 
first  order  agree.ment  with  the  measured  yield. 

A  quail tative  indication  of  the  broadening  occurring  due 
to  the  combined  effects  of  scattering,  band  bending,  and 
measuring  techniques  can  be  obtained  by  comparing  the  derived 
densit:/  of  states  with  the  sharpened  density  of  states  which 
gave  more  detailed  agreement  with  the  optical  conductivity. 

The  Investigation  of  the  effects  of  surface  conditions 
on  the  photoemission  measurements  from  CdS  has  provided  useful 
information  about  surfaces,  and  has  served  as  a  guide  for  the 
Interpretation  of  the  data  from  surfaces  prepared  by  different 
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methods.  It  has  been  found  that  optical  excitation  is  not 
greatly  affected  by  the  surface  conditions  studied.  The 
etfects  of  air  on  a  sample  can  be  partially  reversed  by  baking 
the  sample  in  vacuum  at  a  moderate  (l4o°C)  temperature. 
Scattering  due  to  gas  atoms  or  molecules  which  diffuse  into 
the  surface  is  suggested  as  the  most  probable  cause  of 
broadening  and  loss  of  structure.  Theoretical  study  of  the 
effects  of  band  bending  on  energy  distributions  indicate 
that  ba.nd  bending  car  introduce  broadening.  Because  of 
the  small  absorption  length  in  CdS>  however,  band  bending 
does  not  produce  a  large  effect  in  the  observed  location  of 
peaks . 

The  experimental  techniques  and  equipment  developed  are 
applicable  to  the  study  of  many  other  II-VI  compounds  by 
photoemission  measurements.  The  continued  systematic  study 
of  the  cubic  and  hexagonal  crystals  in  this  class  of  compounds 
is  necessary  to  determine  the  role  played  by  crystal  symmetry 
as  compared  wich  the  role  played  by  the  constituent  atoms  in 
determining  the  band  structure  of  the  compounds. 
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